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ABSTRACT

A review is made of the solar observations identified
with the n = 2 - 2 transitions of elements in the
fourth period of the periodic table. The
identifications are mainly with transitions of the
solar abundant elements calcium and iron. The majority
of observations are of solar flares. Some new
identifications are presented with_ transitions
belonging to the 2s2 2pk - 2s 2pk+1 transition arrays
and within the 2s2 2p~ ground configurations.

The transitions are useful for diagnostic purposes,
such as the determination of differential emission
measures and electron densities of solar flare plasmas.
In such applications, it is crucial to know the extent
of spectral line blending. Special attention is given
to this problem.
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1 INTRODUCTION

Emission lines identified with transitions within the 25n2pk -

25n_12pk+1 array of the solar abundant elements in the fourth period of
the periodic table are observed in the XUV region of active sun and solar
flare spectra. There is interest in these transitions because of their
use for diagnostic purposes, such as determining differential emission
measures [Dere and Cook, 1979] and electron densities [Dere et al, 1979]
of the high temperature emitting plasmas. The intense iron lines of this
type fall in a window of the quiet sun spectrum and are, therefore,
particularly useful for such measurements.

The magnetic dipole transitions within the 25" 2pk ground
configurations occur at Tonger wavelengths than the 2s" Zpk - 25n'12pk+1
transitions and can be seen throughout the UV spectral region. These
transitions are of the same type as the forbidden coronal 1ines first
identified in the visible spectral region by Ed1én(1945). In addition to
the diagnostic uses referenced above, the longer wavelength magnetic
dipole transitions fall in spectral regions which are ideal for the use
of high resolution spectroscopy. This allows the measurement of Tine
profiles. From the Doppler broadening or the Doppler shifted components
of the lines, information can be obtained about ion temperatures and the
mass motions of particular regions within the flare plasma [Cheng et al,
1979]. It should be noted that, in cases where the broadening is
extreme, similar information can be obtained from the shorter wavelength

resonance lines [Widing and Spicer, 1980].

An analysis of Tlaboratory spectra of the elements in the periodic
table from chromium to nickel [Lawson and Peacock, 1980], together with
other results reviewed by Fawcett (1975), has led to a complete
determination of the term schemes of the 25n2pk configurations in the
solar abundant elements in the fourth period of the periodic table.
Because of the usefulness of the n = 2 - 2 transitions in diagnostic
applications, it seems appropriate to review the solar observations of
these transitions made to date.



A11 relevant solar observations known to the authors have been
studied in compiling the 1istings. Those used are mainly observations of
solar flares, although some of the transitions occur in the active sun.
More details of the experimental conditions under which the observations
were made are given in the next section.

In this study, it became evident that a significant number of
observed lines were blends, particularly in the region to shorter wave-
lengths than 400 A. Clearly, a knowledge of the blending of lines is
essential if the line intensities or profiles are to be used in a
diagnostic application. Special attention is given to this problem, any
evidence or possibility of blending being noted.

The application of the identifications reviewed in this study to the
measurement of electron densities in solar flare plasmas is the subject

of a subsequent paper [Lawson and Peacock, 1983].

2 SOLAR OBSERVATIONS

A number of authors report XUV spectra of the quiet and active sun;
only the more recent of these are of interest in the present study. Of
the spectra recorded photoelectrically, Manson (1972) compares the
intensities of spectra of a very quiet and of an active sun. These are
the results of rocket flights on 3 November 1965 and 8th August 1967,
respectively. Malinovsky and Heroux (1973) report observations made from
a rocket flown on 4 April 1969. At this time, there was some solar
activity, but no flares occurred during the flight. Measurements of the
intensities of classified lines due to radiation from the whole solar
disc are presented.

In an analysis by Widing and Sandlin (1968), Manson's observations
of the very quiet sun, initially reported by Manson (1967, 1968), are
used in conjunction with photographically recorded spectra to give
classifications and intensities of lines falling in the wavelength range
33 -110 A. Freeman and Jones (1970) present the results of three rocket
flights, launched on 20 March 1968, 17 April 1969 and 20 November 1969.
The spectra were recorded photographically, the absolute intensity
calibration of the film being determined.



The high resolution possible with photographic records has been
exploited by Behring et al (1972, 1976). These authors present listings
of wavelengths that are the most accurate available for the XUV spectral
region. In addition, many new identifications are given. The spectra
used in their analyses were observed from rockets flown on 16 May 1969
and 21 September 1973. A further experiment in which photographic
spectra were obtained is described by Firth et al (1974), who give the
results of a rocket flight on 14 March 1973. Three spectrographs were
used, two observing the quiet solar disc and the third a region above the

solar Timb.

The only observations of solar flare spectra below a wavelength of
170 & are those of Kastner et al (1974). The spectra were recorded
photoelectrically from the Orbiting Solar Observatory (0S0)-5 satellite
in 1969. The intensities of the observed 1ines were found to be
extremely variable, both from flare to flare and throughout the Tlifetime
of a single event. Out of the many flares observed, the spectra of five
flares have been studied in detail, special attention being given to the
strongest two. Kastner et al identified some of the spectra with 2322pk
- 252pk+1 transitions in iron. These identifications have been modified
and extended by Fawcett and Cowan (1975), Feldman (1976) and Kononov et

al (1976a).

The majority of XUV solar flare observations to Tonger wavelengths
than 170 A were made using the NRL spectroheliograph in the Apollo
Telescope Mount (ATM) on Skylab. Two important exceptions are the results
given by Neupert (1971) and Purcell and Widing (1972). These are among
the first observations of high temperature lines in this wavelength
region. Neupert reports an identification of the Tithium - Tike doublet
in iron, observed in spectra from 0S0-3. Purcell and Widing present
various identifications of images in rocket spectroheliograms with argon,
calcium and iron transitions. The rocket was Taunched on 4 November

1969.

The Apollo Telescope Mount on Skylab carries two NRL spectrographs.
The one denoted by S082A is an objective grating spectroheliograph, which
photographs dispersed images of the sun between 170 and 630 & with a
spatial resolution of about 3". In spectra recorded with this



instrument, Widing (1975) and Widing and Purcel1(1976) have identified and
determined improved wavelengths of beryllium- and Tithium-1ike transitions
in various elements. Dere (1978) has compiled an almost complete 1ist of
lines measured on flare plates recorded with the spectroheliograph. The
high temperature lines are classified according to the temperature of the
emitting plasma by Sandlin et al (1976) and Widing (1978). These authors,
also, make a number of identifications, the latter with forbidden
transitions within the 2522pk ground configurations.

A spectral region not covered by either NRL/A™ dinstrument is that from
630 to 970 A. One n =2 - 2 transition occurring in this region, which is
expected to have sufficient intensity to be observed in solar flares is the
forbidden transition within the ground configuration of boron-like iron. An
observation of this transition from the 0S0-6 satellite is reported by Noyes
(1972). The theoretical data enabling this identification to be made was
provided by Kastner (1971).

The XUV spectra originate in either solar flares or the solar corona.
To longer wavelengths, the spectra also contain features which originate in
the cooler chromosphere - corona transition zone and the chromosphere.
Features from the latter region dominate the spectrum as the visible region
is approached. Consequently, there are proportionally fewer high
temperature lines as one progresses through the VUV and visible regions of
the spectrum. In addition, high temperature lines expected to be present
are, sometimes, masked by the spectrum originating in the cooler solar
regions. Despite the VUV and visible regions being comparatively
unrewarding in a study of high temperature lines, the information which can
be readily gained from measurements of the profiles and shifts justifies a
search of the available spectra for the few observations of n = 2-2
transitions which might be seen.

One of the latest rocket flights in which spectra of the VUV region
were photographed is reported by Ridgeley and Burton (1972). The flight was
on 5 August 1971. Solar 1imb and disc spectra were recorded in the
wavelength range 550 to 2000 A with the aim of studying the structure of the

transition zone.



The NRL/ATM instrument on Skylab used for observing the wavelength
region 970 to 4000 A is a double dispersion, normal incidence grating
spectrograph, denoted S082B. Flare observations of three forbidden lines of
highly ionised iron made with this instrument are reported by Doschek et al
(1975). Sandlin et al (1977) and Sandlin and Tousey (1979) give more
accurate wavelength measurements of these lines, together with a Tisting of
coronal and transition zone lines. The lines are classified according to
the temperature of the emitting plasma. Cheng et al (1979), also, give an
improved wavelength for the Fe XX, forbidden line at 1354&. A complete 1list
of the spectral Tines in this wavelength region emitted by the solar flare
on 15th June 1973 is reported by Cohen et al (1978).

Results from the Harvard ultraviolet instrument in the Apollo Telescope
Mount on Skylab, a near-normal incidence spectrometer-spectroheliometer, are
presented by Vernazza and Reeves (1978). Intensities of a composite or
averaged spectrum in the wavelength range 280 to 1350 & are given for
different solar structures. The use of a photoelectric detecting system
limited the spectral resolution to about 1.6 A (FWHM). With this
resolution, it is expected that a very significant number of the observed
lines will be blends, particularly at the shorter wavelengths.

Another group who have made VUV observations of the flaring and non-
flaring sun is that at the Crimean Astrophysical Observatory. Bruns et al
(1979) report results obtained with the Orbiting Solar Telescope - 1 on
board Salyut-4. Like the NRL/ATM, S082B instrument, their spectrograph
employs two gratings orientated so as to give dispersion in directions at
right angles to each other. In this case, however, each grating is used in
a Wadsworth mount, this resulting in spectra having lTow astigmatism. None
of the spectral lines Bruns et al report appear to originate in the very
high temperature plasmas found only in flares. Their tentative
identification of the line at a wavelength of 1354.3A& as being a blend of CI
and FeXXI is thought incorrect, given the absence of any other high
temperature lines; this line would appear to be correctly identified with

the CI transition.

Several publications concerning observations in the visible region of
the spectrum are of interest in the present study. Dollfus (1957) presents
the results of an analysis, giving classifications determined from the
spatial distributions of line intensities. These classifications are in
agreement with those according to ionisation potentials, which, together
with the majority of identifications, were given by Ed1én (1942). The
spectra were obtained, chiefly by Lyot, using a coronograph in 1936 to 1938
(Lyot 1939) and during the eclipse in 1952 (Lyot and Dollfus 1953).
Waldmeier (1951) and Pecker et al (1954), also, present observations of high
temperature lines which provide further confirmation of Edlén's
identifications. More recently, Jefferies et al (1971) reports observations

made during the eclipse in 1965.



3 REVIEW OF SPECTRAL CLASSIFICATIONS

A study of the XUV spectra of the elements in the periodic table from
chromium to nickel has enabled the term schemes of the 2s” 2p
configurations of these elements to be almost completely determined (Lawson
and Peacock 1980). Together with other results, reviewed by Fawcett (1975),
these data enable the term schemes of the 2s” Zpk configurations to be found
for the solar abundant elements in the fourth period of the periodic table.

Also used in the present study are the semi-empirical extrapolations of
Edlen (1979a,b, 198la,b, 1982). These extrapolations enable the
experimental data to be smoothed, resulting in more accurate wavelengths and
providing a check on previous identifications. This has allowed an apparent
inconsistency in the boron-1ike sequence to be explained; the details are
discussed in the appropriate section below.

In cases where there are neither direct observations from which to
construct the term scheme, nor semi-empirical extrapolations, wavelengths
have been derived from graphical extrapolations in which the first
differences of the wavenumbers have been plotted against the atomic number.

Theoretical relative 1ine intensities for chromium, iron and nickel
appropriate to the electron densities expected in the solar corona and solar
flares, typically 1010 to 1012¢m™3, were obtained from the references listed
in Lawson et al (1981). Estimates of the line intensities for calcium were
made by extrapolating these data and those given by Bhatia et al (1980) for
titanium.

In compiling the 1istings of classifications, all appropriate
observations known to the authors have been considered. The most important
experiments have been described in section 2, although not all of those
described have results identified with the n = 2-2 transitions of interest.
Where identifications have been given in the references, they have been
checked against the present list of wavelengths and intensities. A search
was then made to see if any further identifications could be made.

Tables 2 to 8 1ist the solar observations identified with n = 2-2
transitions of fourth period elements. Tentative identifications are
discussed in the appropriate section of the text. In addition to the solar
wavelengths, calculated or laboratory wavelengths of each transition are
given for comparison. These are mainly from the semi-empirical calculations
of Ed1én. Since the solar line intensities and temperature or enhancement
classifications are important in making the identifications, these are
included in the tables. More details about the various classification
schemes used by the different authors are presented in table 9. This table
also explains the intensity scales and the meaning of the other notations
used.



In any diagnostic application, it is essential to know the extent of
spectral line blending. Consequently, an important aspect of this study was
to check any possibility of line blending. In some cases, the solar
observation is described as being a blend of lines in the original reference.
In others, it has become evident that certain lines must be blends.
Anomalously high intensities, wavelength discrepancies between solar and
calculated values and wavelength coincidences of transitions, both expected
to have observable intensities normally indicate blends. In addition, lists
of quiet and active sun lines have been checked to see if there is any
Tikelihood of blends between previously observed lower temperature lines and
the reviewed lines. In this check, only the first order of the quiet and
active sun spectra were considered. Where there is any evidence of blending,
this is noted in the final column of tables 2 to 8.

The inclusion of coincident quiet and active sun lines in the tables,
even when there is no definite evidence of blending, is thought important,
because the Tower temperature Tines can be greatly enhanced in solar flares.
For example, the 2s2 2pk - 252pk+ transitions of iron appear in a window of
the quiet sun spectrum between wavelengths of 90 and 145R. This is well
i1lustrated in spectra presented by Kastner et al (1974). Therefore, it
might be expected that these Tines would be free from blending. However,
with the spectral resolution possible in the photoelectric system used by
Kastner et al, this is not the case. There is significant blending both
between the n = 2 - 2 transitions and with enhanced quiet and active sun
lines, particularly for the transitions in the CI isoelectronic sequence.

Of the experiments listed in table 1, those of most interest are the
0S0-5 solar flare observations reported by Kastner et al (1974) and the
NRL/ATM spectroheliograph observations. The latter are presented by a number
of authors. It should be noted that there appears to be a systematic
wavelength error in the results of Kastner et al between wavelengths of 110
and 120A. This is illustrated in figure 1, in which the difference between
the solar and calculated wavelengths of identified Tines are plotted against
the calculated wavelengths.

FI Isoelectronic Sequence

The solar observations identified with transitions in the FI
isoelectronic sequence are listed in table 2. It can be seen that the
fluorine-1ike doublet of iron is observed in active sun spectra.

In all but one case, it would appear that the iron doublet lines are
blended. The exception is the observation by Behring et al (1972, A) of the
2522p5 2P3/2 - 2s2p5 25, transition at 93.933A; in this case, the Fe X line
at 94.0124 is seen as a separate line. Behring et al describe the other

member of the doublet, the 2P, ,, - 25, , transition at 103.928R, as being
wide. Since there is no obvious difference between the lines in well

.



resolved laboratory spectra, it is thought that this indicates blending with
the unidentified quiet sun line, whose wavelength, given by Manson (1972), is
103.89A.

In addition to being blended with the FeX transition, the line reported
by Kastner et al (1974, K) at 93.94& is thought to be blended with the
Fe XX, 2s%2p3%D; , - 2s2p"2P, , transition at 93.79A. The additional line
component at 94.1A noted by Kastner et al is probably due to the Fe X
transition.

The calculated wavelengths for the allowed transitions in this sequence
are taken from Ed1én (198la). Wavelengths for the forbidden transition are
the results of an extrapolation by Stamp (1983). This extrapolation includes
recent tokamak measurements and is thought to be an improvement on previous
extrapolations.

0I Isoelectronic Segquence

The classifications of lines with oxygen-like transitions are given in
table 3. No allowed transitions in calcium or nickel have been observed in
this sequence. Of the identifications with forbidden transitions, one is
tentative. This is the line reported by Cohen et al (1978, D) at 1133.68R&,
which is identified with the 2s22p* (3P, - 1D,) transition of calcium, the
strongest of the transitions within this configuration. This is suggested as
an alternative to the tentative identification of this line with the Fe
I1, 3d® (aSD) 4s a 60y, - 10, , transition made by Cohen et al. Without
further information, such as a temperature classification, no definite

identification cah be made.

The 1line observed by Kastner et al (1974, K) at 91.21A4, if correctly
identified with the 2s22p* 1D, - 2s2p°> lP1 transition of iron, must be
blended to explain the significant discrepancy of 0.19& between the observed
and calculated wavelengths. The other component of the blend is most likely
the Fe XXI, 2s22p2 3P - 2s2p® 35, transition. There may also be a component
of the quiet/active sun line at 90.96/91.0044 in the line at 91.21A.

The low type classification of the line at 106.28& (Kastner et al) is
probably explained by blending with the Ne VII, 2s2p3P, - 2s3d3D, transition.
Other possible blends are noted in table 3.

There is no convincing evidence for the tentative identification made by
Vernazza and Reeves (1978) of the solar line at 592.5& with the 2s22p*(3P, -
1D,) transition in fron. They suggest that this 1ine is a blend of the Fe
XIX transition with a S XI transition. A significant contribution from Fe
XIX would be expected to result in a much greater enhancement of the
intensity of the active sun line over that of the quiet sun line than is
seen. This is only a factor of 4 to 5. Lower ionisation stages of sulphur

-8 -



show similar or greater enhancements. This identification has, therefore,
been omitted from table 3. It should be noted that the reported observations
of the 2522p (3P, - 1D,) transition in iron are not expected to be blended
with the S XI transition; they were observed with the NRL/ATM
spectroheliograph, an instrument with a much higher resolution than the

Harvard/AT spectrometer.

The calculated wavelengths listed for this sequence are from Edlen
(1981a, 1982), the latter reference being used for the forbidden

transitions.

NI Isoelectronic Sequence

The NI jsoelectronic sequence is the highest in which calcium Tines are
positively identified in the XUV region of active sun spectra. This is
somewhat unexpected; the temperature of the maximum abundance of Fe XVIII
ions under ionisation equilibrium, the highest ionisation stage of iron
observed in active sun spectra, corresponds to that of beryllium- or
1ithium-Tike calcium (Jordan 1969, 1970).

The 2s22p3 2D, - 2s2p* 2P, , transition of Fe XX is thought to be
present in the spectra of Kastner et al (1974, K). At all likely electron
densities, it is expected to be more intense than the observed 2s22p3 203/2
- 2s2p* 203/2 transition. However, it will be masked by the strong

2s2 2p5 %P, , - 2s2p® 25, ,, transition of Fe XVIII, this explaining the
significant wavelength discrepancy.

The 1ines reported by Kastner et al at wavelengths of 113.45, 118.70
and 121.854 are expected to be due mainly to Fe XX transitions, although
they may contain components of other transitions. These transitions are
noted in table 4, which lists the classifications for the NI sequence. 1In
contrast, the line at 132.83& is chiefly due to the very intense berylljum-
Tike 252 15 - 252p1Pl transition of iron.

The Tine listed by Widing (1978) at 478.08& was identified with the
2s522p3 (453/2 - 2D5/2) transition in nickel (Lawson et al, 1981). The semi-
empirical extrapolations of Edlén (1982) give a calculated wavelength for

this transition of 477.7&, showing that this identification is incorrect.

The calculated wavelengths for the forbidden transitions in table 4
are, also, taken from Ed1én (1982). To date, no semi-empirical
extrapolations are available for the allowed transitions in this sequence
and the wavelengths of laboratory observations are given. For the
transitions in calcium, these are taken from Kononov et al (1976b) and for

iron from Lawson et al (1981).

CI Isoelectronic Sequence



The most notable aspect of the observations of the n = 2-2 transitions
in the CI isoelectronic sequence, listed in table 5, is the large number
that are blended. 1In addition, observed solar 1lines coincide with several
of the remaining CI lines, although in these cases, there is no direct
evidence of blending.

In the 2522p2 - 2s2p3 transition array of Ca XV, the 3P1 - 3Pl
transition is expected to have an observable intensity, but is blended with
an unidentified 1ine at 176.982A. The 3P - 3P, transition is weaker, so
may not be present; in any case, it is blended with an Fe X transition.
Dere (1978, E) identifies the solar line at 208.33A& as a blend between the
P ,-3, transition and a SX transition. A component of the 3P - 3D,
transition of Ca XV may well be present in this line and would be favoured
by 1ow electron densities. Nevertheless, it is expected to be weak and the
line is thought to be due mainly to SX.

The identification of the 2s22p2 f’Pl/2 - 2s2p3 552 transitions in iron
by Dere (1978, E) led to a search for observations of these transitions in
calcium. The wavelength predictions given by Kastner et al (1977) are 391
and 4214, respectively. Graphical extrapolations using the results of
Lawson and Peacock (1980) and the observation of the transitions in neon
(Ridgeley and Burton 1972) resulted in somewhat lower predictions of 383.8
and 412.9A. The Ca XV ions emit high temperature lines and Widing (1978, X)
lists 1ines at 382.82 and 411.61A, which are given a temperature
classification of II, typical ions being Ca XV to Ca XVII. A search of the
1ist reported by Dere (1978) shows that these are the only lines in this
spectral region of any temperature classification with the expected
wavelength separation. Ed1én (1982) calculates a 2s2 2p2 (3P - 3P?_)
splitting of 18,360cm™!, whereas the observed splitting is 18,27lcm™!. Both
lines are blended with lower temperature lines, this, possibly, explaining
the discrepancy. These identifications are tentative, but it appears that
they are the only possible ones, if both transitions have an observable
intensity.

It should be noted that the isoelectronic sequence suggested by
Vernazza and Reeves (1978) for the 2s22p2 3P, - 2s2p3 552 transition cannot
be made to fit an extrapolation which includes the observation of the
transition in iron (Dere 1978, E). The graphical extrapolation being used
in the present study differs markedly from all of the new identifications
made by Vernazza and Reeves. Their wavelength for the F IV transition is
in agreement with the tentative identification of this transition made by
Sandlin et al (1977).

Sandlin et al (1977, T) also, make a tentative identification of the
2s22p? (3p, - 'D,) transition of Ca XV with the solar 1ine at 1375.95A.
Given the classification of this 1ine as a high temperature line, it is
thought that this identification is correct; the transition is expected to

- 10 -



be one of the most intense within the configuration. However, it should be
noted that there is a small wavelength discrepancy with Edlén's (1982)
calculated value of 1375.88A. 1If the latter wavelength proves correct, it
is 1ikely that this Tine will be blended in many spectra with a Ni II
transition at 1375.822A.

The apparent discrepancies between the theoretical intensities of the
Fe XXI transitions (Mason et al 1979) and the observed intensities reported
by Kastner et al (1974, K) are explained by line blending. The emission
from Fe XXI is found to be comparatively weak in these spectra, this being
especially so in the spectrum of flare E whose Tines have intensities a
factor of 7 weaker than those of flare B. Clearly, the intensities of those
1ines which are not significantly affected by blending should reflect this
difference. There are only four such 1ines. An added complication is that
one of these four is a blend of two Fe XXI transitions, the 2522p23Pl -
252p33Dl transitions.

*2

Of the Fe XXI Tlines which are components of blends, the 2s22p23p, -

252p33Sl and 2s22p23p, - 252p33Pl transitions are expected to be present in
the spectra of Kastner et al. The latter is blended with the beryllium-Tike
25215 - 252p1P1 transition of nickel to form the observed line at 117.81A.
However, both of these transitions are expected to give rise to a line with
a type IV enhancement classification whereas the line at 117.81A has a type
III classification. Kastner et al note that in flare E this Tine is
observed on the shoulder of a neighbouring line, the intense Fe XXII Tine at
117.18&. This gives a possible explanation of the Tow enhancement
classification; it is the same as that for the line at 117.18A, which
contains a component of an active sun Tine.

The 2s22p23P, - 2s2p33S, transition must be supposed blended with a
1ine near 102.4R, to explain the significant discrepancy between the solar
and laboratory wavelengths, 102.35 and 102.22A, respectively. No line near
102.44 has been reported. It should be noted that, even in a spectrum which
is more highly resolved, the 3p, - 35l transition may still be blended,

being affected by an active sun line at 102.15A.

The other blended Fe XXI Tines are expected to be weaker and it is not
possible to say with certainty whether they are present in the spectra of
Kastner et al. Their identifications are, therefore, regarded as being

tentative.

The 2s22p23p, - 2s2p33P, transition, if it is present at all in the
1ine at 123.76A&, must be blended. This transition is expected to be weaker

= 1l =



than the unblended 2s22p23P, - 2s2p33P, transition at 121.17A.
Consequently, it is necessary to account for the greater intensity of the
former, as well as the absence of a change in intensity between the two
flares. The nearest observed solar line is at 123.492& and, therefore, it
is necessary to suppose the existence of an unreported line closer to the

wavelength of 123.76A.

The solar line at 97.88& is reported by Feldman (1976, I); although one
of the 0SO - 5 results, it is not given in the 1ist of Kastner et al
(1974).

As in the NI isoelectronic sequence, no semi-empirical extrapolation
for the allowed transitions are available and, therefore, observed
wavelengths are given in table 5. Those for calcium are from Kononov et al
(1976,b) two wavelengths being adjusted so as to be consistent with the
wavelengths of the magnetic dipole transitions. The latter are taken from
Ed1én (1982). Calculated wavelengths, as discussed above, are given for the
Ca XV, 2s22p23p ,, - 2s2p355, transitions.

For iron the observed wavelengths are taken from Lawson et al (1981).
The wavelengths for the iron triplet-quintet intercombination Tines are
calculated from the term schemes of Lawson and Peacock (1980). This
demonstrates the consistency between the solar and laboratory observations
as to the positioning of the 552 level. The wavelength of the forbidden
2522p2 (3P, - 3P,) transition in iron comes from Ed1én (1982).

BI Isoelectronic Seguence

As in the CI isoelectronic sequence, the listing of identifications
with boron-like transitions, table 6, contains a number of blended lines.
In contrast, however, the emission from boron-like iron in the spectra of
Kastner et al (1974, K) is comparatively intense. This led to a search of
these spectra for boron-like calcjum and nickel lines.

The most intense 2s22p - 2s2p? transition of calcium is expected to be
the 4R, - 2P3/2 transition and this is identified with the line at 164.14R
in the spectra of Kastner et al. This transition is most Tikely blended
with the Ni XIV transition identified by Behring et al (1972, A; 1976, B)
with the Tine at wavelengths of 164.146 and 164.13A, respectively. The
lines observed by Behring et al may well contain a component of Ca XVI.

The 2s22p?P, , - 2s2p®?P,,, transition of calcium, although weaker than
the 2P3/2 - 2P3/2 transition, might, also, appear in the spectra of Kastner
et al, as a component of the line at 167.50A. This 1ine is thought mainly
due to an Fe VIII transition. However, it should be noted that the other

members of the Fe VIII multiplet do not appear in these spectra; in the
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absence of other blended components to the 167.50& 1ine, this would suggest
that the 2P3/2 - 2P1/2 transition intensity is significant.

Within the 2s22p - 2s2p2 array of nickel, the transition with the
highest theoretical intensity, the 2P ,, - 25, , transition, can be
identified with the T1ine at 104.60R& reported by Kastner et al.

Given the systematic error in the wavelength calibration of the spectra
of Kastner et al, shown in figure 1, the 2522p2P3/2 - 2s2p2?P, , transition
in iron would be expected to have an observed wavelength in these spectra of
about 114.49R. The discrepancy with the reported wavelength of 114.41R
would suggest that the transition is blended. The nearest observed solar
line is due to Mg V at a wavelength of 114.036A. However, the Mg V line
would be expected to be resolved as a separate line.

The high enhancement classification for the 1ine at 114.41& and the
reasonable agreement between the theoretical and observed intensities of the
allowed transitions in this sequence would suggest that most of the emission
in this line is due to Fe XXII. If so, the 2s22p?P, , - 2s2p2?P, ,
transition might appear weakly in the spectra. The nearest line to the
calculated wavelength of 100.768A is that at 100.89R. To explain the
wavelength discrepancy and the low enhancement classification of this 1ine,
only type II, it is necessary to suppose that the line is a blend with a
Tonger wavelength line, possibly the unidentified 1ine reported by Manson
(1972) at 101.01 and 100.96A&.

The inconsistency between wavelengths of the solar identifications of
transitions within the 2s22p2P - 2s2p24P multiplet in iron made by Sandlin
et al (1976) and laboratory measurements of boron-like transitions (Lawson
and Peacock 1980) has been explained by Ed1én (1981b). Semi-empirical
extrapolations have indicated errors in a few of the laboratory wavelengths,
which, when corrected, allow both the solar and laboratory wavelengths to be
fitted to the same term schemes.

It should be noted, however, that the intensities of the solar
observations are still not as expected, even allowing for the blends given
in table 6. For example, the 2522p2Pl/2 - 2521:}2L*l:’1/2 transition is
expected to be at least 3 times stronger than the 2s22p2P, , - 252p2“P3/2
transition, at solar electron densities. This would suggest the possibility
of there being even more blends.

Semi-empirical extrapolations are available for all boron-like levels.
The wavelengths of transitions within the 2s22p - 2s2p? transition array are

- 13 -



taken from Edlén (1981b), some of these being adjusted to fit that for the
forbidden transition within the ground configuration of iron. The latter is
from Ed1én (1982).

Be I Isoelectronic Sequence

A striking feature of the classifications of solar lines isoelectronic
with Be I is the extreme intensity of the Fe XXIII, 2s2lS - 2s2plP,
transition observed in one of the spectra reported by Kastner et al (1974,
K) at 132.83A. Although blended with the Fe XX, 2s22p3%S, . - 2s2p**P. ,
transition, most of the emission is due to Fe XXIII. Kastner et al note
that the 1ine is more intense than the Fe IX, quiet sun line at 171.08&,
which is emitted from the whole disc of the sun.

The identification of Vernazza and Reeves (1978, U) of a line at 371.4A
with the 2s?!S, - 2s2p3P, transition of Ca XVII is thought questionable.
Certainly, if this transition was a significant component of the line a much
greater enhancement of the intensity would be expected in the active sun
spectrum. Nevertheless, the temperature of active solar regions appears to
be sufficient for this ionisation stage to be present and, consequently, the
transition might contribute some emission to the line.

The identification of the 2s2!S; - 2s2p'P, transition of Mn XXII must
be regarded as being tentative. It is the only observation of manganese in
the spectra of Kastner et al (1974, K) and there is a small wavelength
discrepancy, not explained by blending with the Ca XII, 2522p52P3/2 -
252p®2?s, , transition. As confirmation, it would be desirable to make an
identification of the corresponding transition in the marginally more
abundant chromium. However, the chromium transition, which occurs at a
wavelength of 149.89A, will be masked by the intense OVI, 2s2S,,, -
2p %P, ,,.,,, transitions at 150.05A.

It should be noted that the 1ine at 117.81R identified as a blend of
the 2s21S, - 2s2p!P, transition in nickel and the 2s22p23P, - 2s2p33p,
transition in iron, is reported by Kastner et al to be observed on the
shoulder of the intense 1ine at 117.18A. This might explain the low
enhancement classification given for the 117.81A& line; both identified
components are expected to have the highest classification.

Feldman (1976) identifies the 117.81A Tine with the Ni XXII,

2s22p34S, , - 2s2p**P; , transition. However, this transition s expected
to be much weaker than the nickel, 2s21S, - 2s2plP, transition and,

- 14 -



consequently, only the latter is given in the tables.

The calculated wavelengths for this sequence are taken from Edlén
(1981a).

Li I Isoelectronic Sequence

As can be seen in table 8, the 1ithium-T1ike doublet is observed in
several fourth period elements, one member even being identified in
titanium. The line at 165.42A&, listed by Kastner et al (1974, K) is
identified with the Ni XXVI, 2s2S, . - 2p2P_ , transition. Its Tow
enhancement classification and the discrepancy with the calculated
wavelength, 165.378A, can be explained by blending with an Ar X transition.

Semi-empirical extrapolations (Ed1én 1974a, b) are used to give the
calculated wavelengths.

4 CONCLUSION

A comprehensive review is given of solar observations identified with
the n = 2-2 transitions of elements in the fourth period of the periodic
table. These transitions occur in the high temperature plasmas found in
solar flares and active solar regions.

The spectra are of particular interest because of their uses for
diagnostic applications. An understanding of the blending of spectral
features is, therefore, crucial. Wherever there is any evidence of
blending, this is noted in the review. An example of a diagnostic
application is presented in a subsequent paper; electron densities are
calculated from line intensity ratios of the solar observations listed in

the present study.

It is hoped that the review will form a useful basis from which future
identifications can be made, facilitating diagnostic measurements and
encouraging future observations of the XUV region of solar flare spectra.
It is evident from the study that the most useful observations in the XUV
spectral region, particularly at the shorter wavelengths, are those having
the highest spectral resolution. This conclusion favours the photographic

recording of these spectra.
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THE EFFECT OF A RELATIVISTIC RESONANCE CONDITION

ON THE FOKKER-PLANCK THEORY OF ECRH CURRENT DRIVE
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ABSTRACT

The efficiency of current drive by X-mode
electron cyclotron waves is calculated using the
weakly relativistic resonance condition in a
full Fokker-Planck treatment which includes
electron-electron collisions. For suprathermal
resonant electrons the values obtained are less
by a factor (Z+5)/Z than those predicted by the
Lorentz gas model. However this relationship is
found not to hold for resonant parallel
velocities less than the thermal veloecity. A
ray tracing code, incorporating the calculated
current drive efficiencies, has been used to
study the relativisitic corrections for X-mode
second harmonic waves injected from the low field
side into a tokamak the size of DITE.

(Submitted for publication in Plasma Physics)






1 INTRODUCTION

The non—-inductive current drive scheme using electron cyclotron
resonance heating (ECRH) relies on preferentially heating electrons which
are moving in one direction along the magnetic field lines 1. This can be
achieved by tuning the wave frequency w such that the Doppler shift due to
the electron velocity along the magnetic field synchronises the wave
frequency and the electron gyrofrequency or one of its harmonics. Thus for
non-relativistic electrons, resonance is achieved for all perpendicular
velocities provided the parallel velocity v satisfies the condition (w-2Q)
= k"v", where kH is the parallel wave vector, Q is the electron
gyrofrequency and £ is the harmonic number. Electrons moving parallel
(antiparallel) with the wave will be in resonance if the wave frequency is
greater (less) than 2Q. In the inhomogeneous field of a tokamak the
frequency difference (w—-2RQ) changes sign across the resonance layer so that
the current flows in opposite directions on opposite sides of the
resonance. For a weakly absorbed wave these opposing currents are of equal

amplitude and no net current flows.

As the electrons become relativistic the gyrofrequency develops a
velocity dependence due to the relativistic mass increase. This velocity
dependence can affect both the absorption profiles2 3
recent paper by Cairns, Owen and Lashmore-Davies", can substantially change
and enrich the phenomenology of ECRH current drive. The principal effect
is that the current is no longer an antisymmetric function of (w-4Q) where
Q is the non-relativistic gyrofrequency. Thus in a tokamak the currents on
opposite sides of the cyclotron resonance layer have different amplitudes

and do not cancel in the case of weak absorption.

and, as shown in a

The calculations in ref 4 used a simplified collision operator which
neglected electron—electron collisions. In the present paper we include
these collisions in a full Fokker-Planck treatment for X-mode cyclotron
waves of arbitrary harmonic number L. The results have been incorporated
into a ray tracing code which is used to compare the relativistic and non-
relativistic calculations in a practical application. For this we have
chosen the example of second harmonic X-mode RF injected into a tokamak

similar to DITE.

2 THE RESONANCE CONDITION
The electron cyclotron resonance condition for mildly relativistic

electrons can be written
I

kv, = =20 (1 ——;?z-] (1)
where ¢ is the velocity of light and v, and v, are the electron parallel
and perpendicular velocities respectively. In terms of normalised velocity
space co-ordinates, v /v andlv /v , the resonance condition is a
semicircle of radius (l-4u S) /25 centred on the vl/v =0 axis at vu/v =

(28)~!. The parameters g and S are defined by u =(w—lQ)/k v, and



S=£Qve/(2knc2) and the electron thermal velocity, L is related to the
temperature, Te’ by Vg = ZTe/m, where m is the electron mass. In the non-
relativistic limit the resonance becomes the straight line v"/ve= u e
Several resonance curves for positive values of S are shown in Fig 1 for
both ug =1 and u0=-l. For S > 0, positive values of uocorrespond to
absorption on the low field side of the ECR in a tokamak. In this case the
mass increase serves to increase the difference between the wave frequency
and the gyrofrequency leading to resonant values of v, which are always
positive and greater than the non-relativistic value. Note that for S >
(fmo)—l the frequency difference cannot be recovered by the Doppler shift

for any value of v, and so a cut-off in the wave absorption occurs. At

Il
cut—-off the resonance semi-circle collapses to a point at v"/ve = 2u0,

vllve=0.

On the high field side of the ECR the gyrofrequency exceeds the wave
frequency for non-relativistic electrons and the resonance condition is
satisfied by negative values of R However for sufficiently energetic
electrons the mass increase causes the gyrofrequency to fall below the wave

frequency giving rise to positive values of v, at resonance as shown in Fig

1. Thus on the high field side electroms mov!ng both parallel and
antiparallel to the wave can absorb power. For propagation of the wave
perpendicular to the magnetic field (kp=0) all directionality disappears as
expected and the wave is absorbed by iéo—energetic electrons. The

resonance curve is the zero—centred semicircle given by v2=2(29-w)e?2/(2Q).

3 THE FOKKER-PLANCK EQUATION
The linearised, steady state electron Fokker—-Planck equation can be

written as 5
2(2-1)
| 2 oF
xlr a?z {DV.L(V.) o i - ki (1-= )"’u]avme} (2)
i 1 e I Il 202 L

] + L] r =
* 8 i(fe’Fmi) Cee (fe’Fme) * Cee(Fme’ fe) D

where the first term is the quasi-linear diffusion operator describing the
effect of ¥-mode wave absorption, C represents the non-relativistic Fokker-
Planck collision operator, and fé is the perturbation of the electrpn
distribution function away from the Maxwellian Fme' The parameter D for
the X-mode is independent of velocity space variables and is proportional
to the square of the perpendicular electric field component which rotates
in phase with the electrons. Using the Legendre polynomial representation
of fé, namely f£' = FmeEan Pn(vl/v), we find that the coefficient a;, from
which the current can be calculated, satisfies the integro-differential

equation



a” + P(x) a' + Q(x) a; - —ié——{xla(x)—1.2xI5(x)-x“(l~1.2x2)(I (x)~-I (m))]
1 1 3ﬂ%A © °
= R(x) (3)
where the dash denotes differentiation with respect to x(=v/v ). The terms
on the left hand side are due entirely to the collisions whilg the term on
the right hand side is due to the wave interaction and is given by

12D 2-1
R(x) = — (x?2=x2)" "x x{x2 + 2- x2+[x2-(22+1)x218x 7L} {H(x~a )~H(x-« )}
viv & o o o] o o} = +
e o
(4)
where o, = |(1#/T-4u 5)/25|, x_=u_+x25, v_=e“n_in\/4ne2v3m?, A=E-xE', H is
= (o] 0O o o] e 0o e

the Heaviside function, n, is the electron density, AnA is the Coulomb
logarithm and E is the error function. In eqn (3) the functions P(x), Q(x)
and In(x) are those defined in ref 5, namely

P(x) = —x~1-2x+2x2E 1 /A €53
Q(x) = x™2-2(Z+E-2x3E')/A (6)
—_—2
I(x) = J* a (y)e™ yhay (7)
(0]

where Z is the effective plasma charge.

Note that a change of sign of kﬂ simultaneously reverses the signs of
both u and S thereby changing the sign but not the magnitude of R(x).
Physically this means that for a wave propagating through a tokamak plasma
a reversal of the wave direction reverses the currents on each side of the
resonance but leaves their magnitudes unchanged. Thus in the following
calculations we shall keep k" positive (S positive) and change the sign of
u to investigate the low and high field sides of the resonance.

The electron current density J is given by

= e |3=_E @
J = - efv el o v I3(=) (8)

and the absorbed power density by

2(2-1) dF
_ vZ (VL) w XQ[ v2 mej .3 (2
Pd - %mef v, 6VL{DVL Ve G[Eh—k” 1- 2c )_ vIIJ aYL }d v

Changing variables to x and £ = (v"/v) and integrating we obtain



1
- Z
Pd 4DnemeGl/(n ve) (10)

x4
2

where G, = | x3(xz-x§)2'1(x2—x§—1+21xos)e_x dx (11)
0 S

Expressions for GR are given in the appendix for £ =1 and £ = 2. 1In the

usual units of —neve‘for J and nm vgv for P the current drive efficiency

eeo d’
J/Pd is given by
3 ®
3, 130

Pd 3D G2

(12)

| &

4, LORENTZ GAS SOLUTION
If electron-electron collisions can be neglected in comparison with

the electron—ion collisions, as is the case for large values of the plasma
ioniec charge, then an analytic solution of eq(3) can be obtained;

a, = - 6D (w2227 1y x {x240-x24] x2-(22+1)x2]8x "} {H(x-a_)-H(x-a_ )}
W3 vz o] o o] o o = +

e o (13)
The current drive efficiency is given by

a
J __2 AT TV S DO S 0 S 97 au=11 %2
§; = 6,2 i X X (x xo) {xo+£ %2+ x (21+1)x0]5x0 fe © dx  (14)
For %=1 this becomes
J ___2_ 3
7 = 6,2 [AJ4 +BJ, + CJg + S Jlo] (15)
oy o2
where J_ = [ x"e © dx, (16)
1 a_
A =3+ -35u2 (17)
o (s) (o]
B = 3u?S-u +2S-6u §2 (18)
(o] (o] [o]
C = S(3uOS~l~382) (19)

and Gl is given by eq(A2) in the appendix. Values of J/Pd derived from
eq(l5) and multiplied by the factor Z2(Z+5)7! (see Section 5) are plotted as
a function of S for various values of ug in Fig. 2. The current drive
efficiencies obtained from the numerical solution of the full equation are

also shown for comparison.

5. NUMERICAL SOLUTION
Equation (3) has been solved numerically using the two point boundary

value code described by Cordey et al ®. The discontinuities in R(x) at x =




@~ and x = a4 were smoothed as described in ref 6. Values of J/Pd were
obtained for values -3<u0<3, 0<8<2, Z = 1,2 and harmonic numbers {=1 and
&=2. Efficiencies for the fundamental frequency are listed in Table 1.
More extensive tables for both X-mode and O-mode and for 2=1 and 2=2 are
given in ref 7. Curves of J/Pd for the fundamental frequency are plotted
against S in Fig. 2 for u = 0.1, 0.5, 1 and 3 respectively. As S increases
from zero, the efficiency on the low field side increases dramatically
whereas that on the high field side is reduced. For sufficiently large
values of 5 the current on the high field side reverses although this
occurs more readily for the lower values of uo. This reversal takes place
because the relativistic mass increase takes the gyrofrequency from above

to below the wave frequency.

The dashed curves show the Lorentz gas results multiplied by the
factor Z(Z+5)7! which relates the results of the full numerical calculation
to the Lorentz values for u >3 in the non-relativistic casel. According to
Cairns et al * this ratio sgould be maintained in the mildly relativistic
case. This is indeed correct as is shown in Fig. 2 by the steadily
improving agreement between the two calculations as u is increased. For
u0=3 the agreement is essentially complete, at least for values of S up to
0.5. However there are large differences between the numerical and
renormalised Lorentz results, in both the relativistic and non-relativistic
cases, for velocities u0< 1 which are likely to be appropriate to near term
experiments. The present non-relativistic numerical results agree well
with those of Karney and Fisch® when these authors model the complete
electron-electron collison operator through the use of a displaced

Maxwellian background electron distribution.

In Fig.3 the efficiency, current and absorbed power for the 2=2 case
are plotted as a function of u for S = 0.06 and S = 0.24 and show the
asymmetry about u0=0(w=29) which develops as the relativistic effects

become significant.

6 RAY TRACING CALCULATIONS
In order to predict the effect of the relativistic resonance condition

in a tokamak experiment, the results of the Fokker-Planck calculation have
been incorporated into a ray tracing code. Ray tracing using the cold
plasma dispersion relation has been discussed by, for example, Fidone et
al® and Ott et al?. The present code uses the weakly relativistic
expression for the dielectric tensor given by Shkarofsky10 from which the
absorption coefficient is cbtained as described by Bornaticill. The power
absorbed and the values of ug and S were calculated at each point along the
ray. The results obtained in the previous section for J/Pd were then used
to obtain the current density profile.

Typical ray paths for X-mode, 60 GHz second harmonic electron
cyclotron waves injected from the low field side into a tokamak of similar

-5 =



size to DITE are shown in Fig 4. The major radius (R) was 1.17 m and the
minor radius (a) was 0.26m. Plasma temperature and density profiles were

taken to be parabolic in form, Te(r) =T [l—(r/a)2] and n (r) = n [1-
(r/a)z] with central wvalues Teo = lkeV agg n,, = 1013cm™3. The reggnance
surface 2@ = w passed through the magnetic axis and the rays were injected
on the mid-plane at different angles ¢ (= tan_l(kn/kr))to the major radius.
The total current obtained as a function of ¢ is shown in Fig.5 for both
the relativistic and non-relativistic calculations. In both cases more
than 95% of the input power was absorbed for ¢ < 30°. The major difference
in the two curves appears at low values of ¢ (small k", large S) where the
rapid drop in current predicted by the relativistic theory contrasts with
the almost constant current given by the non-relativistic calculation. For
these small values of k” the Doppler shift component in the resonance
condition plays only a minor role compared with the mass increase.
Resonance is then determined largely by the energy, rather than the
parallel velocity, of an electron and the current drive efficiency
correspondingly falls. The discontinuity in current occurring at ¢ = 35°
corresponds to the transition from a ray hitting the inside wall (case A)
to one making a double pass through the resonance region (case B). For
large angles the rays are unable to reach this region (case C). In
addition the relativistic cut-off on the low field side operates to reduce

the current generated by such rays.

From Fig.5 it can be seen that to sustain a plasma current of 100 kA
would require 1.5 MW of ECRH power. On the basis of a calculation akin to
that of Fielding12 we find that, for this amount of power, the quasi-linear
diffusion coefficient is still substantially less than that due to
collisions so that our perturbation treatment remains valid.

In higher temperature tokamaks the relativistic effects will not be
restricted to quasi-perpendicular propagation. For example, in the non-
relativistic calculations of Edlington et all3, for X-mode fundamental
waves injected from the high field side into a JET-sized tokamak, a typical
value of S is 0.2 for Teo=10 keV and N"=0.6(N”=k"c/w). The effective value
of u was approximately three and so from Fig.2 one might expect a 307%
reduction in the predicted current drive efficiency if the relativistic
resonance condition were to be incorporated into these calculations.

7 SUMMARY
A full Fokker—-Planck treatment of current drive by ECRH has been

carried out with relativistic corrections applied to the resonance
condition. The results are expressed in terms of uo, which is the parallel

velocity (normalised to Ve) of the resonant electrons in the non-—
relativistic case, and S which parameterises the relativistic effect. 1Imn
this form the results can be readily incorporated into ray tracing codes.
For u_ > 3 the values of J/Pd were found to be in good agreement with those
obtained from a Lorentz gas model (electron-electron collisions neglected)

-6 -



when the latter were multiplied by Z(Z+5)~! ‘as suggested by Cairns et al “.
However, for smaller values of u, the renormalised Lorentz gas model
substantially underestimates the current drive efficiency for almost all
values of S. Ray tracing calculations for the example of second harmonic
X-mode radiation strongly absorbed in a tokamak similar to DITE show a
reduction in current drive efficiency as relativistic effects become
important. This is expected to be a feature of all ECRH current drive
schemes since it is due to the resonance condition becoming dominated by
the energy dependent mass increase rather than the parallel velocity
dependent Doppler shift.

Acknowledgements

We wish to thank J A Owen for the use of his code to calculate the
relativistic dielectric tensor used in the ray tracing calculations.

REFERENCES

N J Fisch and A H Boozer, Phys Rev Lett, 45 (1980) 720.

I Fidone, G Granata and R L Meyer, Plasma Physics 22 (1980) 261

I Fidone, G Granata and R L Meyer, Phys.Fluids 25 (1982) 2249

R A Cairns, J Owen and C N Lashmore-Davies to be published in Phys.

Fluids.

J G Cordey, T Edlington and D F H Start, Plasma Physics 24 (1982) 73.

J G Cordey et al, Nuclear Fusion 19 (1979) 249

7 D FH Start, M R 0'Brien and P M V Grace, Culham Laboratory report
CLM-R240 (1983).

8 C F F Karney and N J Fisch, Nuclear Fusion 21 (1981) 1549. .

9 E Ott, B Hui and K R Chu, Phys.Fluids 23 (1980) 1031

10 1 P Shkarofsky, Phys Fluids, 9(1966) 561

11 M Bornatici, Proc of Joint Workshop on Electron Cyclotron Emission
Electron Cyclotron Resonance Heating, Oxford, July 1980, Culham
Laboratory Report (CLM-EMR(1980)).

12 pg Fielding, Proc. Joint Workshop on Electron Cyclotron Emission
and Electron Cyclotron Resonance Heating, Oxford, July 1980,
Culham Laboratory Report (CLM-EMR(1980)).

13 T Edlington, J G Cordey, M O'Brien and D F H Start, Proc. 3rd

Joint Varenna-Grenoble Int. Symp on Heating in Toroidal Plasmas

3 869, Grenoble 1982. '

Fow o

O



APPENDIX

The expression for the power density, eq(l0), contains the integral G
defined by

L

g2 2yA1r a2 ~x?
G, = £ x? (x2-x2)" [x2-x2-2424x S]e T dx (Al)

Evaluating this integral for =1 gives

Sl o2 2 2_
G, = 5[ ~8%Ky+(1-2u _S+25%)K, - (1+u’-2u S)K,] (A2)
where Kn = byne_ydy, a=a3 and b = ai

a

The integrals Kn can be obtained from the recurrence relation:
K = nK +ae - be (A3)

Similarly for &=2 we find

lrou 3 2
= s o= +
G2 E{S Kg 254(1 ZuOS 259K,

+ (1-4u_s+652+6u?s?-12u_s?)K,
(o] 0 0
— 2_ —9.,3 2q2
2(l+uo 4uOS 2u05+6u08 )K2

2 2
+ u0(2+uo—4uoS)Kl] (A4)



TABLE 1 VALUES OF J/Pd FOR £=1 and Z=1

=-2.0 | -1.0 | -0.5 | -0.1 0.1 0.5 1.0 2.0
0.0 -2.87| -1.45| -0.82| -0.18] 0.18| 0.82 | 1.45| 2.87
0.02 -2.68| -1.37| -0.76 | -0.12| 0.24| 0.89 | 1.54| 3.09
0.04 -2.51| -1.29| -0.69| -0.06| 0.30| 0.96 | 1.62| 3.36
0.08 -2.22| -1.14| -0.56 | 0.06| 0.43| 1.09 | 1.79| 4.17
012 -1.98] -1.00| -0.43| 0.18| 0.55| 1.22 | 1.98| 6.66
0.16 -1.76| -0.86| -0.31| 0.30| 0.66| 1.35| 2.18| 0.00
0.20 -1.57] -0.73| -0.19| o0.41{ o0.78| 1.48 | 2.41 | 0.00
0.24 -1.39| -0.60| -0.08| 0.52| 0.88] 1.59 | 2.66 | 0.00
0.3 -1.15| -0.43| 0.08| 0.66| 1.02| 1.73 | 0.00| 0.00
0.6 -0.34| 0.15| 0.51 0.98 1.31 0.00 | 0.00| 0.00
1.0 0.05| 0.34| o0.60| 1.03( 1.42| 0.00| 0.00 | 0.00
1.5 0.16| 0.37| 0.60| 1.01 1.43| o0.00 | 0.00| 0.00
2.0 0.20| 0.37| 0.57| 0.95| 1.32| 0.00 | 0.00| 0.00
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Fig.1 Electron-cyclotron resonance lines in velocity space
for u, =1 and u, =-1 for several values of S which para-
meterises the relativistic effect. Note the cut-off for u, =1

as S reaches the value 0.25.
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Fig.2 Current drive efficiency J/P; versus S for 2 =1 and |u,[=0.1,
0.5,1 and 3. The curves labelled high (low) field side correspond to
negative (positive) values of u, . The cut-off on the low field side
occurs for § = (4u,)™ . The dashed curves are the values obtained
from the Lorentz gas model multiplied by Z(Z + 5).
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S=0.06

S

S =0.24
No resonance u0>1.04

-2k

Fig.3 Curves of J/Py,J and P4 versus u, for £ = 2 showing the loss of antisymmetry in the
profiles as the value of S increases and relativistic effects become important. The power and
current densities are expressed in arbitrary units. The cut-off on the low field side (positive u_)

occurs for S = (4u )™
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Magnetic axis

Plasma
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Fig.4 Plan view of ray paths for X-mode second harmonic cyclotron
waves injected from the low field side into a tokamak with dimensions
and plasma parameters similar to those of DITE. The rays A,B and C
all originate in the median plane but at different angles J to the major
radius.
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Fig.5 The current produced by rays such as those in Fig.4 versus the angle of
injection to the major radius. Note the sharp reduction in current predicted
by the relativistic calculation as the angle, and k | become small.












