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The resonance lines and heliumlike to boronlike satellites of heliumlike nickel and the Lyman-o.

doublet and hehumlike satellites of hydrogenlike nickel emitted from the JET tokamak have been
recorded with good spectral resolution (A, /AA, =20000). Atomic data (wavelengths and intensity
factors) for the dielectronic and other satellites are calculated in a multicon6guration
intermediate-coupling scheme with use of scaled Thomas-Fermi-Dirac potentials and compared
with the experimental spectra. Overall good agreement between theory and the experimental spec-
tra is obtained, though the intensities of satellites to the heliumlike lines indicate that the popula-
tions of the lithiumlike to boronlike ions relative to the heliumlike populations are greater than ex-

pected for a coronal ionization balance. Possible causes of this discrepancy are departures from
coronal equilibrium due to charge exchange with neutral hydrogen atoms or departures from co-
ronal equilibrium due to transport of lower ionization stages of nickel impurities from the
tokamak edge to the center at a rate greater than predicted by other diagnostics.

The electron temperatures produced in tokamaks now
are sufhcient to ionize many metallic impurity elements
to the hydrogenlike or heliumlike state. Spectroscopy of
the x-ray emission from these ions has become a useful
technique for determining ion temperatures, bulk plasma
movement and the dynamics of plasma-impurity trans-
port in the central (peak temperature) regions of the
plasmas. X-ray spectra from tokamaks are also of im-
portance in comparison with equivalent spectra from as-
trophysical plasmas as the tokamak plasma densities and
temperatures are usually well characterized by many di-
agnostics and can, to a certain extent, be controlled.

VA'th use of high-resolution crystal spectrometers,
heliumlike and hydrogenlike spectra of heavy impurities
have been obtained from several large tokamaks (see
Kallne and Kallne' for a recent comprehensive review).
At the Joint European Torus (JET) the high electron
temperatures achieved have enabled the observation of
heliumlike and hydrogenlike nickel (Z =28), currently
the highest atomic number hydrogenlike and heliumlike
spectra observed from tokamaks. In this paper these
spectra are presented and discussed. Heliumhke nickel
spectra have been obtained with poor spectral resolution

in a vacuum spark and with good resolution also in the
TFTR tokamak. However, hydrogenlike nickel spectra
have so far only been recorded at JET.

Calculated atomic data (wavelengths and intensity fac-
tars) for the dielectronic and other satellites close to the
heliumlike and hydrogenlike nickel resonance lines are
also presented here. These data are used to generate
theoretical spectra which are compared with experimen-
tal observations from the JET tokamak of the hehumlike
and hydrogenlike nickel spectra.

II. EXPERIMENT

A. Plasma

The JET is a large tokamak designed to achieve ther-
m@nuclear plasma heating. Plasma discharges with
record toroidal currents up to 5 MA and magnetic fields
up tq 3.5 T have been produced so far and a wide range
of plasma parameters have been explored in difreregt
operating schemes. Hydrogen and deuterium discharges
with carbon or magnetic limiters are additionally heated
by electromagnetic waves in the ion cyclotron frequency
range and by injection of neutral hydrogen and deuteri-
um beams. ' The record value of the fusion parameter
nDrsT, =2X10 m seckeV (with nD peak deuterium
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density, v.z energy confinement time, T,- peak ion tem-
perature) has recently been achieved in neutral-beam-
heated discharges.

The experimental data acquired in 1986 from JET are
representative of most of the plasma conditions obtained
so far: peak electron densities N, in the range
(1.5—6.0) X10' m and peak electron and ion tempera-
tures in the ranges T;=1.8-7 keV and T; =1.5-15 keV,
respectively. Horizontal minor radii of the toroidal plas-
mas have been obtained in the range from 0.90-1.20 m
with an elongation of the D shaped cross section in the
range 1.0-1.9 and with major radii of the magnetic axis
varying from 2.8 to 3.5 m. The duration of the
discharges is usually longer than 15 sec with steady-state
conditions lasting up to slightly shorter time intervals. 4

In order to reduce to a minimum the release of metal-
lic impurities into the discharge, the JET inconel
(Ni-72%, Cr-15%, Fe-8%) vacuum vessel is protect-
ed from contact with the plasma by eight carbon limiters
on the large major radius side (the outer side} and by a
wall of graphite tiles on the inner side. A treatment of
carbonization of all the surfaces in the discharge
chamber has also been repeatedly applied. Consequent-
ly, the impurity content in the plasma is dominated by
light elements (oxygen and carbon}, reducing the nickel,
chromium, and iron content relative to the electron den-
sity to trace concentration values of -10 ' to
-5X10 as deduced from hne-intensity measurements
of the X-ray crystal spectrometer and other spectroscop-
ic instruments. 9 Nevertheless, due to the high electron
temperatures, the large size of the emitting plasma and
the high throughput of the crystal spectrometer, the res-
onance line of He-like Ni is readily observed and the Ni
ion temperature and the toroidal rotation velocity are
routinely determined through the measurement of line
broadening and line shift of the He-like resonance line. '

Experiments to obtain ion temperatures from the profiles
of the H-like Lyman-a doublet have also been undertak-
en when high electron temperatures produced sufficient
intensities.

B. Crystal syectrometer

In Fig. 1 the line of sight of the spectrometer through
the JET plasma is shown. The line of sight lies in the
tokamak equatorial plane and reaches the minimum dis-
tance of approach to the torus axis of symmetry
Ro=1.82 m within the vacuum vessel at the plasma
inner edge. The plasma column is seen twice with the
toroidal direction making opposite angles with the line
of sight. The cross section of the plasma seen by the
spectrometer is roughly 20 cm in width and 10 cm in
height.

The orientation of the observation line, the Bragg an-
gle used (in the range from 48.75' to 52.75') and the
spectrometer size were imposed by the requirement to
keep both the crystal dispersing element and the detec-
tor outside the hostile environment of the JET torus
hall. This measure enables accessibility of personnel to
the instrument and is expected to be necessary in order
to keep the radiation-induced noise on the detector
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FIG. 1. Plan of the x-ray crystal spectrometer and the JET
tokamak. Important components are labeled and the line of
sight through the plasma is shown.

within tolerable levels in the planned deuterium-tritium
phase of JET operation.

A detailed description of the spectrometer will be
given in a separate paper. " Here we only give details of
relevance for the present experimental data.

The instrument is a bent crystal spectrometer of the
Johann type '2 The. crystal, positioned just outside a
penetration through the JET torus hall 3-m-thick shield-
ing wall, looks at the plasma source through a beryllium
window 150 pm thick located at one of the tokamak
main horizontal ports. The ray path runs within a 30-
cm-diameter evacuated tube from the beryllium window
to the crystal vacuum box. The x rays are difFracted
from the crystal mounted on a turntable and reach the
detector through another evacuated tube pivoted about
an axis next to the crystal vacuum box to match the
diffracted x-ray direction according to the Bragg angle
fixed by the crystal orientation. The distance between
the focal position, located at the throat of the torus port
at the beryllium window, and the crystal itself is about
20 m; an equal distance from the detector is imposed by
the Johann focusing geometry. This distance, together
with the Bragg angle, leads to a fractional linear disper-
sion (1/A, )(b,A, /bx ) of about 4X 10 4 cm

In the Johann con6guration of the spectrometer,
diferent x-ray wavelengths pass through diferent posi-
tions on the beryllium window and the window extension
in the focal plane of 20 cm de5nes the instrument spec-
tral range. The spectral range when the instrument is
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0
set to view the He-like Ni resonance line is 12 mA (a
bandwidth ARIA, of 0.8%).

A quartz crystal cut parallel to the 224 3 plane
(2d =2.0296 A) was used in the experiments discussed
here. It is curved to a radius of curvature of 25.25 m
with the bending device described in Ref. 13 and has an
efFective difFracting area of 5 cm by 12 cm. The detector
is a multiwire proportional chamber where each anode
wire is connected to an independent amplification and
counting chain, thus providing a high-counting-rate (up
to 250 kHz per wire) position-sensitive photon detection.
Tht: anode spacing of 0.127 cm is the dominant
resolution-limiting factor leading to an instrumental
resolution A, /b, i, =20000.

C. Measuremeats

Due to the small angular acceptance of the spectrome-
ter which is limited by the beryllium window size al-
lowed to the tokamak, the full spectrum of He-like nick-
el between 1.584 and 1.621 A wss taken by setting the
instrument to observe at 6ve different, adjacent wave-
lengths (with overlapping wavelength ranges) during a
sequence of very similar, consecutive JET discharges
[Fig. 2(a)]. For each wavelength setting, at least one
spectral line also appears on the adjacent spectra, thus
allowing the wavelength and intensity repeatability of
the measurements to be assessed and some small intensi-
ty normalization (changes &10%}between pulses to be
undertaken. [Some small intensity difFerences can be ob-
served in the spectrum at the joining points, Fig. 2(a).]
The main plasma parameters were the toroidsl 6eld
8& ——2. 8 T, plasma current I~ =3.0 MA. , central line in-
tegrated density JN, dl =6.0~X 10' m, and peak elec-
tron temperature measured from electron cyclotron
emission T, =3.1 keV. A Ni ion temperature of 2.4 keV
was measured from the Doppler broadening of the reso-
nance line m Atted with a Voigt profile.

The H-like nickel spectrum between 1.525 and 1.545
A [Fig. 2(b)] was obtained in two consecutive pulses with
Br=3.4 T, I =4 MA, fN, dl =6.0X10" m ', and

T, =4.7 keV. A Ni ion temperature of 4.0 keV was
measured from the Doppler broadening of the Lyman-a&
component.

The conversion from channel position in the detector
to wavelength A, can be obtained using Bragg's law and
simple geometry. %e have

A, =2d sin(HO+xq /L),

~here d is the crystal re6ecting atomic plane spacing, Ho

is the measured angle between the crystal surface and
the central line of sight, L is the measured distance be-
tween crystal and detector, and x„ is the distance of the
nth channel from the center of the detector. Errors in
the measurement of absolute wavelengths are caused by
the following.

(i) Mechanical irregularities of the crystal rotation
mechanism and errors in the detector and crystal posi-

tion encoding causing errors in the measured values of
8o and L giving rise to wavelength setting errors in the
spectrometer of —+0.4 rnA.

(ii) Uncertainty in the crystal 2d value. A literature
survey of 21 values for the quartz difFraction plane used
(2243) indicates that 2d =2.0296 (+0.0004) A at 18'C
with a possible further variation of the 2d value of
+0.00014 A due to temperature efFects in the range from
13'C to 23'C. This gives a total maximum uncertainty
of +0.5 mA. in the crystal 2d value which implies a
wavelength measurement error of +0.4 mA for wave-
lengths in the range 1.5-1.7 A.

(iii) Uncertainty in Ho.

(a) Initial alignment. The "zero" angular position of
the crystal has been determined by autocollimation of a
reference laser beam rejected from the crystal surface.
This procedure is estimated to allow absolute Ho to be
determined to within 0.03'. Such an angular error intro-
duces a sptematic error in absolute wavelengths of
-+0.7 mA. In addition, there is an error here due to
the initial position encoding of —20.4 mA.

(b) Degree of parallelism of the crystal surface with
respect to the atomic planes. Deviations of 0+0.0085' of
the crystal surface to the crystal planes have been mea-
sured at several points across the crystal surface with an
x-ray goniometer for the particular crystal employed in
these measurements. Such deviations will introduce a
wavelength error of up to —+0.2 mA.

(iv) Other possible errors. Errors due to the variation
of lattice parameters caused by the curvature of the crys-
tal and the effects of refraction in the crystal are negligi-
ble compared to the above efFects.

By qusdratically adding up to the above error contri-
butions, the total error in the absolute value of the heli-
um and hydrogenlike resonance line wavelengths can be
estimated st +1.0 mA. However, the relative precision
on the distance in wavelength of satellite lines from the
resonance line is estimated to be +0.08 mA —more than
an order of magnitude smaller. This relative wavelength
error depends almost entirely on the accuracy in the
determination of the peak position of the spectral lines
(and, where applicable, errors in overlapping different
sections of the spectrum} as errors in the dispersion are
negligible.

III. COMPUTATION OF ATOMIC DATA

In the wavelength range of the experimental helium-
like spectrum [Fig. 2(a)], characteristic lines of nickel
arising from the heliumlike stage as well as inner-shell
and dielectronic satellite lines from the hthiumlike,
berylliurnlike, and boronlike ionization stages are con-
tained. These lines are all produced by an electronic
transition n =2 to 1 in the presence of an additional 1s
electron for the He-like stage plus 1, 2, or 3 electrons in
shells n &2 for the other stages. Thus, this region con-
tains a large number of lines from many ionization
stages. To compute the spectra, it is necessary to calcu-
late the wavelengths of all the lines and evaluate their in-
tensities by computing the rates for all processes leading
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FIG. 2. Spectra emitted from JET and recorded by the x-ray crystal spectrometer during steady-state ohmic discharges. The
spectral ranges recorded during different discharges are separated by arrows. (a) The spectrum near the resonance line of helium-
like nickel. The spectral lines are labeled with the notation of Gabriel CRef. 20) and with notation introduced in the text. The
spectrum is obtained by integrating the emission over nine seconds from a plasma with peak electron temperature -3 keV and
peak electron density -2&10' cm ' (see text). The arrows indicate joining points for the five diferent spectra for this composite
figure. The spectra were joined with overlapping regions as shown as hatched regions. The data are shown without any normaliza-
tion between the spectra being undertaken. (b) The spectrum near the resonance lines of hydrogenlike nickel. The Lyman-a, and
-a& components are labeled. The spectrum is obtained by integrating the emission over ten seconds from a plasma with peak elec-
tron temperature of approximately 4.7 keV and peak electron density of approximately 1.5X10' cm . The arrows indicate the
joining point of the two spectra used to build the full spectrum.
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to their emission. In Sec. III A we describe the deriva-
tion of the important atomic parameters of wavelengths,
transition probabilities for radiative and autoionization
decay, and collisional excitation rates, together with the
relations important for understanding the intensities of
the spectral lines. A more complete treatment of the
theory can be be found in earlier papers for calcium'
and chromium.

In the wavelength range of the experimental hydro-
genlike spectrum [Fig. 2(b)], the Lyman-a doublet aris-
ing from the hydrogenlike stage and heliumlike dielec-
tronic satellites are contained. The lines are again all
produced by an electron transition n =2 to 1 plus one
electron in shells n &2 for the heliumlike satellites. In
Sec. IIIB the computed wavelengths and results neces-
sary to calculate the intensities for the hydrogenlike
spectra are presented.

The problem of deriving the distribution of ionization
stages and of integrating along the spectrograph line of
sight in order to simulate the experimental spectrum is
considered in Sec. IV.

rise to four spectral lines, respectively m, x, y, and z, us-

ing the notation of Gabriel.
These lines are excited by electron impact from the

ground state ls 'So (no metastable ground states are
considered here), involving three distinct processes: (i)
direct excitation, (ii) so-called "resonance eff'ects, " in-
volving the temporary formation of three-electron states
which decay rapidly by autoionization to give the excit-
ed level, and (iii) cascade eFects, involving the temporary
excitation to higher excited states lsnl, followed by suc-
cessive radiative decay to produce the required ls2l'
state. The process (ii) has been evaluated for resonances
of the type ls31'nl (lsn'l'nl with n'&4 resonances are
negligible) using the method described by Faucher and
Dubau. ' Process (ii) contributes to the lines x, y, and z,
but mostly to z. Cascade efFects contribute to all lines,
but again mostly to the x, y, and z lines. All such pro-
cesses can be represented by a partial or total efFective
excitation rate coef6cient C in cm s ', such that the em-
issivity (intensity emitted in photons per unit volume) is
given by

A. Helium1ike spectrum

Calculation of the atomic parameters

Wavelengths )i, and radiative transition probabilities
A„have been calculated using the program SUPERSTRUc-

TURE developed by Eissner et al. ' The program in-
cludes in the Hamiltonian some of the Breit Pauli rela-
tivistic corrections. The autoionization probabilities A,
for all available continua have been obtained using the
program AUTOLSJ described in the paper by the TFR
group et al. ' These two programs use the same wave
functions and model potentials and are well suited for
the computation of large quantities of atomic data for
multiply charged ions. They use scaled Thomas-Fermi
Dirac potentials for which the scaling parameters A,

&
are

determined by an energy minimization of all the terms of
the following configurations:

e=E,X,C,
where N, and X, are densities of electrons and the target
ion, in this case NixxvII. Table I lists values of C for
each line as a function of electron temperature T, identi-
fying the contributions of each of the three exciting pro-
cesses.

A further small contribution to the intensity of the
heliumlike lines arises through recombination, both radi-
ative and dielectronic, from hydrogenlike Ni XXvIII.
This contribution has been examined using the theory
described for iron. Table II lists the efFective rate
coeScients a for recombination involved in the emission
of the four heliumlike lines. Another process exists for
exciting the line z only, namely, inner-shell ionization of
the lithiumlike ion NixxvI. This rate coeScient S (also
shown in Table II) was determined using the Lotz for-
mula. Including these two other population processes
Eq. (2) becomes

ls 2s, ls2s2p, ls 3d, ls2p3d, e=N. (Nz C +Nz+ ia+Nz iS) (2')

giving scaling factors of li,, =2. 737, A, =2. 176, and
&d =1.940 (A,s A f Ad ). The——mon—oelectron wave func-
tions obtained in this way have also been used for the
two-, three-, four-, and five-electron ions. The present
atomic data have been calculated using multiconfigura-
tion expansions containing, for the three-electron sys-
tem, the configurations ( ls )nl and ( ls2l')nl" with
n &5; for the four-electron system, the configurations
(Is 2l)nl' and (ls212l')nl" with n &4; and for the five-
electron system, only the six configurations 1s 2s 2p,
1s 2s2p, 1s 2p, 1s2s 2p, 1s2s2p, and 1s2p . Excita-
tion rates by electronic collision have been calculated us-
ing DISTORTED %AYE'7 and JJOM, the details of which
are described elsewhere. '

2. Heliumli ke lines

3. Dielectronic satellite lines

Configurations having a vacancy in the 1s shell can
decay either by radiation (emitting a satellite line) or by
autoionization. Such configurations in general have two
alternative excitation mechanisms: inner-shell excitation
from the ground state of the ion, and dielectronic recom-
bination from the ion stage above. %Nile both processes
can be important, many satellite lines have one or the
other dominant. Now we discuss excitation by dielec-
tronic recombination, which is the dominant process for
the majority of the satellites.

The emissivity ed of a dielectronic satellite line emit-

ted by Nixxvr ionized atom is obtained by using the
formula

Transitions from the excited states 1s2p 'P„
lsd P2» and 1s2s 5&, to the ground state 1s 'So give

ee N, NzFi (T, )F2 (s)——,
where

(3)
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TABLE I. Ni XXVH elective excitation rate coefF][cients, C (cm sec ) for the lines m, x, y, and z. (a) Direct excitation. (b)

Direct excitation and resonances. (c) Direct excitation, resonances, and cascades. The notation m, x,y, z is from Ref. 20 and the

wavelengths are as calculated. Numbers in square brackets are powers of ten, e.g., 0.210[—17]=0.210x 10

(keV)

0.6
1.0
1.4
1.8
2.2
2.6
3.0
3.4
3.8
4.2
4.6
5.0
6.0

0.6
1.0
1.4
1.8
2.2
2.6
3.0
3.4
3.8
4.2

5.0
6.0

(a)

0.210[—17]
0.272[—15]
0.202[—14]
0.591[—14]
0.114[—13]
0.179[—13]
0.249[—13]
0.320[—13]
0.392[—13]
0.464[—13)
0.533[—13]
0.601[—13]
0.757[—13]

(a)

0.617[—17]
0.817[—15]
0.608[—14]
0.176[—13]
0.33S[—13]
0.509[—13]
0.678[—13]
0.832[—13)
0.966[—13)
0.108[—12]
0.117[—12]
0.125[—12]
0.137[—12]

z (1.6010 A)
(b)

0.332[—17]
0.397[—15]
0.279[—14]
0.785[—14]
0.147[—13]
0.225[—13]
0.303[—13]
0.382[—13]
0.460[—13]
0.538[—13]
0.610[—13]
0.681[—13]
0.835[—13]

x (1.5897 A)
(b)

0.719[—17]
0.934[—15]
0.684[—14]
0.195[—13]
0.368[—13]
0.555[—13]
0.736[—13]
0.898[—13]
0.104[—12]
0.116[—12]
0.125[—12]
0.133[—12]
0.145[—12]

0.623[—17]
0.867[—15]
0.684[—14]
0.210[—13]
0.433[—13]
0.661[—13]
0.920[—13]
0.116[—12]
0.140[—12]
0.163[—12]
0.182[—12]
0.197[—12)
0.239[—12]

(c)

0.618[—17]
0.826[—15]
0.621[—14]
0.182[—13]
0.347[—13]
0.525[—13]
0.708[—13]
0.871[—13]
0.101[—12]
0.115[—12]
0.126[—12]
0.138[—12]
0.153[—12]

0.498[—17]
0.678[—15]
0.523[—14]
0.158[—13]
0.311[—13]
0.492[—13]
0.683[—13]
0.871[—13]
0.105[—12]
0.122[—12]
0.137[—12]
0.151[—12]
0.181[—12]

0.143[—16]
0.218[—14]
0.184[—13]
0.595[—13]
0.125[—12]
0.209[—12]
0.304[—12]
0.405[—12]
0.507[—12]
0.609[—12]
0.708[—12]
0.803[—12]
0.102[—11]

y (1.5941 A)
(b}

0.560[—17]
0.748[—15]
0.568[—14]
0.170[—13]
0.331[—13]
0.520[—13]
0.718[—13]
0.911[—13]
0.109[—12]
0.127[—12]
0.142[—12]
0.156[—12]
0.186[—12]

m (1.5856 A)
(b)

0.150[—16]
0.226[—14]
0.189[—13]
0.608[—13]
0.127[—12]
0.212[—12]
0.308[—12)
0.409[—12]
0.512[—12]
0.614[—12)
0.713[—12]
0.808[—12]
0.103[—11]

(c)

0.566[—17]
0.771[—15]
0.598[—14]
0.182[—13]
0.355[—13]
0.562[—13]
0.776[—13]
0.988[—13]
0.120[—12]
0.139[—12]
0.156[—12]
0.174[—12]
0.210[—12]

(c)

0.151[—16]
0.231[—14]
0.195[—13]
0.631[—13]
0.132[—12]
0.219[—12]
0.327[—12]
0.436[—12]
0.537[—12]
0.645[—12]
0.741[—12]
0.841[—12]
0.106[—11]

gs
F2 (s)=—

—E.
exp

m, k, and h are the usual physical constants, g, is the
statistical weight of the upper level s of the line sf, g, is

that of the ground state of the ion Z, and E, is the ener-

gy of the free electron produced by the autoionization
process. The sum over i' extends over a11 levels of the
(Z} ion accessible by autoionization from the state s.

TABLE II. Effective recombination rate coefFicients a from H-like nickel into the upper quantum states for the m, x, y, and z

lines and the ionization rate coeScient Sz from Li-like 1s 2s nickel to the upper quantum state for the z line in units of cm' sec
Numbers in square brackets are powers of ten, e.g., 1.26[—12]= 1.26X 10

0.6
1.0
1.4
1.8
2.2
2.6
3.0
3.4
3.8
4.2
4.6
5.0
6.0

1.26[—12]
8.05[—13]
6.07[—13]
5.03[—13]
4.40[—13]
3.96[—13]
3.62[—13]
3.35[—13]
3.12[—13]
2.91[—13]
2.73[—13]
2.57[—13]
2.23[—13]

1.79[—12]
1.14[—12]
8.52[—13]
6.89[—13]
5.87[—13]
5.16[—13]
4.62[—13]
4.20[—13)
3.85[—13]
3.55[—13]
3.30[—13]
3.07[—13]
2.62[—13]

1.27[—12]
8.08[—13]
5.99[—13]
4.83[—13)
4.09[—13]
3.58[—13]
3.20[—13]
2.90[—13]
2.6S[—13]
2.44[—13]
2.26[—13]
2.10[—13]
1.79[—13]

2.10[—12)
1.43[—12]
1.12[—12]
9.46[—13]
8.32[—13]
7.51[—13]
6.89[—13]
6.38[—13]
5.95[—13]
S.57[—13]
5.24[—13]
4.94[—13]
4.33[—13]

3.541[—20]
4.218[—17]
9.164[—16]
5.17S[—15]
1.576[—14]
3.434[—14]
6.108[—14]
9.522[—14]
1.355[—13]
1.807[—13]
2.295[—13]
2.809[—13]
4.150[—13]
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The sum over f' relates to all lower states of the ion
Z —1. It can readily be shown ' that at the electron
densities found in low-density plasmas such as tokamaks,
the local emissivity of a pure dielectronic sateHite line
relative to the parent resonance line m depends on T„
independent on X, or Xz. For Ni XXV or Ni XXIV satel-
lites, the emissivity is given by a formula similar to Eq.
(3) but where the ionization degree Z is replaced by
Z —1 or Z —2, respectively.

Table III(a) gives the Nixxvt n =2 dielectronic satel-
lite atomic data obtained by diagonalization of a large
basis set including all of the n =2, 3,4, 5 con6gurations.
Data from the same computation for n =3„4, and 5 are

given in Tables III(b}, III(c), and III(d) where the values
for A, , Fz (s), and E, only are listed.

Satellites for n ~ 5 form four series of lines which con-
verge at the wavelengths of the parent transitions w and

y. These are in general not resolvable, but contribute to
the observed intensity of u and y. An extrapolation
technique' has been used to derive the total line factors
(according to the parity of the con6guration of the au-
toionizing level). These are given in Table IV. In the
same way, satellites due to berylliumlike Nixxv are
computed and listed in Tables V(a), V(b}, and V(c) using
methods described in Ref. 24. Finally, the data for bo-
ronlike Ni XXIV n =2 satellites are given in Table VI.

TABLE III. (a) Ni XXVI n =2 dielectronic satellite data. A„A„and Fz(s) are in units of 10" sec '. Key letters are from Ref.
20. The energy E, of the upper quantum state is relative to the ground state of the heliumlike ion. (1) Ni XXVI n =3 strong dielec-
tronic satellites (only lines with line factors of I/100 or larger than the strongest satellite are listed). (c) NiXXVIn =4 strong
dielectronic satellite lines. (d) Ni XXVI n = 5 strong dielectronic satellite lines.

(a)

Transitions

Is2p P3/z Is 2p P3/z
1s2p P3/z-1$ 2p Pl/z
Is2p P&/z-Is 2p P3/z
Is2p Pi/z-1$2p P, /z

Is2p P5/z-Is 2p P»z
Is2p' P3/z Is 2p P3/z
1$2p P]/z —1$2p Pl/z
Is2p''D5/2 1$ 2p P3/z
Is2p D3/2 I$2p Pl/2
Is2p 'D3/z-Is 2p P3/z
Is2p S~/z —Is 2p P3/z
Is2p S)/z-Is 2p Pl/z
1$2$ S)/z —1$2P P3/z
1$2$ Sl/z —1$2p Pi/z
Is2p2s('P) P3/z 1$2$ Sf/z
Is2p2s('P) Pl/2 1$ 2$ Sl/z
Is2P2s('P )zP3/z —Is z2s 'S&/z
1$2p2$('P)'P)/z-1$ 2$ S)/z
Is2P2s('P )"P3/z 1s'2s 'S&/z
Is2p2$( P) P~/z-Is 2s S~/z

Key
letter

3.75
3.75
0.12
0.12
3.39
0.21
0.02

13.8
13.2
13.2
3.06
3.06

13.8
13.8
0.10
4.10

10.7
6.83
0.13
0.03

83.S
1.17

20.1

73.2
6.65
1.48
4.28

27.4
44. 1

5.49
36.0
0.8
0.94
1.19

64.8
34.8
0,29

32.4
2.95
0.81

84.7
84.7
93.3
93.3
6.65
1.50
4.32

27.4
49.6
49.6
36.8
36.8
2.15
2.15

64.8
34.8
0.29

32.4
2.95
0.81

F,'(s)

14.2
0.20
0.05
0.19

13.5
0.73
0.04

55.0
37.1

4.62
5.53
0.12
1.64
2.06
0.42
7.33
1.12

11.3
0.51
0.06

k (A)

1.5950
1.5899
1.6004
1.5953
1.6046
1.6066
1.6040
1.5983
1.5956
1.6007
1.5910
1.5859
1.6252
1.6199
1.5941
1.5973
I.S905
1.5911
1.6052
1.6066

E, {keV)

5.4495
5.4495
5.4232
5.4232
5.4033
5.3937
5.3811
5.4337
5.4218
5.4218
5.4692
5.4692
5.3052
5.3052
5.3770
5.3612
5.3947
5.3914
5.3223
5.3164

Transitions

1s2s3s S&/z-1$ 3p P3/z
Is2p3p D, /z- Is'3p 'P3/z
I$2p3$ F7/z —1$ 3d D5/z
Is2p3p D3/z Is'3p 'P3/z
1$2p 3$ P )/z —1$3$ Sl/z
1$2P 3P D 5/z —1$ 3P P3/z
I$2p3$ P3/z-1$ 3s Sl/z
Is 2p 3p D5/z —1$ 3p P3/z
Is2p3p 'D3/z-» 3p PI/z
I$2p 3p P3/z Is 3p P3/z
1$2p3d Ds/z —1$3d 'Ds/z
1$2p3$ Pl/z —Is 3s Sl/z
1$2p3~ F7/z-I$3~ Ds/z
Is 2p 3g D5/z —1$36f D3/z
1$2P3P S&/z-1$3P P3/z
I$2p 3g F5/z —Is 3Q Dg/z
1,$2p 3$ F5/z —1$38 D3/z

1.6018
1.5968
1.5955
1.5952
1.5935
1.5906
1.5895
1.5881
1.5874
1.5872
1.5871
1.5870
1.5868
1.5866
I.5861
1.5860
1.5856

Fz (s) (10" sec ')

1.07
2.78
1.14
1.09
5.26
1.58
1.12

15.5
13.0
6.40
1.01
2.40

11.5
1.13
2.91
3.82
3.28

E, (keV)

6.6867
6.7344
6.7480
6.7418
6.7281
6.7768
6.7478
6.7768
6.7418
6.7565
6.7666
6.7281
6.7747
6.7666
6.7659
6.7524
6.7524
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Transitions

Is2p4p "D,/2-Is 4p P3/z
1s2p4p D3/2-1$4p P3/z
Is2p4d F7/z-Is 4d D, /2

Is2p4s P&/z-Is 4s 5&/2

1s2p4p D, /2-1s 4p P3/2
1s2p4p D3/2-1s 4p P&/z

Is2p4p 2P3/2-1s 4p 2P3/2

1s2p4d F7/2 1$ 4G D5/2
1s2p4p 2S&/z-1$ 4p P3/2
1s2p4d ~D5/2-1$ 4d D3/2
1$2p4d F5/2 —1$4d D5/2
1s2p4d F5/2-1s 4d D3/2

Transitions

1$2p Sp D g/g
—1$5p P3/2

1$2p Sp Dg/p —1$5p P3/2
1s2p5p D3/z-1$ Sp P&/2

1$2p 5p F7/2 1$5d ~D5/&

1s2p5p 2F5/2-1s Sd D5/2

1.5950
1.5945
1.5944
1.5940
1.5867
1.5865
1.5865
1.5863
1.5862
1.5&61
1.5860
1.5858

A, {A)

1.5945
1.5862
1.5861
1.5860
1.5859

(d)

TABLE III. (Continued. )

(c)
F,'(s) (10"sec-')

2.40
1.59
0.99
1.95
4.23
4.77
2.12
5.38
1.07
1.18
2.12
1.00

F2 (s) {10' sec ')

1.17
2.05
2.31
2.77
1.13

E, (keV)

7.1949
7.1972
7.2006
7.1903
7.1949
7.1972
7.2368
7.2405
7.2381
7.2404
7.2419
7.2419

E, (kev)

7.4062
7.4285
7.4074
7.4310
7.4499

TABLE IV. NiXXVI extrapolation of high-n satellite lines. Numbers in square brackets are
powers of ten, e.g., 3.2425[13]=3.2425 X 10".

odd (o) or
even (e) terms

Convergence on w

A, (A) F2 (s) (sec ')
Convergence on y

A, (A) F2 (s) {sec ')

1.5858
1.5859
1.5857
1.5858
1.5856
1.5857

3.2425[13]
3.7823[13]
2.0419[13]
2.3819[13]
6.2430[13]
7.2303[13]

1.5940
1.5943
1.5941
1.5943
1.5941
1.5942

1.5396[13]
3.0799[13]
0.9695[13]
1.9395[13]
2.9430[13]
5.5334[13]

TABLE V. (a) Ni XXV n =2 strong dielectronic satellite lines (only lines with line factors of I/100 or larger than the strongest
satellite are listed). A„A„and Fz (s) are in units of 10'~ sec '. The energy E, of the upper quantum state is relative to the
ground state of the lithiumlike ion. An asterisk denotes spectral lines which can also be excited by inner-shell excitation from the
ground state of Ni XXV. {b) Ni XXV n =3 strong dielectronic satellite lines. (c) Ni XXV n =4 dielectronic satellite lines.

Transitions

Is2s 2p P Is 2p P
1s2s2p2 5P3- 1s22s2p 'P
1s2s2p P2-Is 2s2p 'P&

1s2s 2p'P&-1$ 2s 'So
1s2s2p 3P&-Is 2s2p 'P&

1s2s2p 'D2-1s 2s2p 'P&

1s2s2p Dz-Is 2s2p P2
1s2s2p D3 —1$~2$2p P2

1$2$2p "P,-Is'2 2p 'P,
1s2$2p P2-Is 2$2p Pz
1s2s2p 'P&-1$~2$2p P&

1s2s2p Dz-1$~2$2p P,
1s2s2p P& —Is 2s2p 'Pz
1s2s2p P] -1$~2$2p Po
Is2$2p2 D, -ls22s2p P,
Is2$2p 'P]-Is 2s2p 'P&

1$2s2p 'S0-1$ 2s2p 'P&

1s2s~2p 'P, -ls~2s~ '$0 113)

6.99
1.17
5.83
6.42
5.16
9.57

12.6S
15.88
5.89
5.83
5.16

12.65
2.37
5.16

11.59
0.68
6.37
0.77

19.55
1.34

12.33
18.54
6.46

20.71
14.52
18.13
23.66
12.33
6.46

14.52
15.12
6.46

15.00
7.80

21.89
13.60

(a)

A,

0.72
2.21
3.61
6.00

14.23
18.03
3.66

30.54
11.44
57.SO

8.20
45.34
9.06

54.64
37.97
93.73
31.73
60.41

1.41
2.21

65.06
7.23

77.08
40.37
50.00
30.54
11.58
65.06
77.08
50.00
17.83
77.08
48.45
94.14
31.76
62.61

Fz (s)

0.60
2.55
0.68
2.25
1.32
7.06
1.79

34.88
4.78

10.83
0.76

22.23
0.98
5.06

10.40
0.94
1.88
0.91

A. (A)

1.6382
1.6163
1.6128
1.6097
1.6088
1.6087
1.6081
1.6064
1.6055
1.6048
1.6048
1.6040
1.6037
1.6035
1.6029
1.6029
1.6015
1.6015

E, (keV)

5.4250
5 AAA9

5.4998
5.4050
5.4806
5.5194
5.4840
5.4925
S.4998
5.4998
5.4806
5.4840
5.4732
5.4732
5.4895
5.4773
5.5540
5.4474
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Transitions

TABLE V. (Continued. )

(a)

Fz ($) A, (A) E, (keV)

1$2s2p Pz-1$ 2s2p 'P)
1$2$2p 'Dz-ls 2s2p Pz
1$2$2p P )

—1$2$2p P )

1$2s2p S, -ls 2$2p Pz

5.83
9.57
2.37
3.92

12.33
20.71
15.12
11.00

3.95
22.28
4.83

29.05

65.06
40.37
17.83
29.65

0.74
8.73
0.52
4.20

1,6008
1.6008
1.5997
1.5992

5.4998
5.5194
5.4732
5.5268

Transitions

ls2s2p3p D3-Is 2s3p Pz
ls2pzjs P3-lsz2p3s Pz
1$2$2p3p D) —1$ 2$3p P)
ls2$-2p3s 'P) - ls'2s3s 'So
Is2$2p3p 'Dz- ls 2p3$ 'P)
ls2s2p3p 'Dz- lsz2s3p 'P)
1$2$2p3p 3Dz- ls 2$3p 'P)
Is2s2p3d F3-ls 2s3d D3
Is2$2p3d 3F3-ls 2s3d Dz
Is2s2p3p D3-Is 2s3p Pz
ls2s2p3p 'S) —1s'2s 3p 'P,
Is2$2p3p 'Dz-Is 2s3p P)
ls2s2p3d 'F3- Is 2s3d 'Dz
ls2$2p3d 3F&-lsz2s3d 'D3
ls2s2p3d 3D3- Is 2s3d 'Dz
ls2s2p3p Dz-Is 2s3p Pz
ls2s2p3p 'Dz-ls'2s3p 'P)
ls2s2p3p D)-ls 2$3p P,
1$2$2p3p D) —1$ 2$3p Po
ls2s2p3p )Dz- Isz2$3p 3Pz

Is2s2p3p 'P, -ls 2s3p 'Pz

Transitions

Is2$2p4p D3-ls 2s4p Pz
Is2s2p4p Dz-lsz2s4p 'P)
1$2$2p4p Dz-1$2$4p Pz
Is2s2p4d 'F3-ls 2s4d D3
1s2s2p4p 3D3 —ls z2$4p 3Pz

1$2$2p4p Pz —1$2$4p P)
ls2s2p4p 'Dz —ls z2s4p 'P)
Is2s2p4p Pz-Is 2s4p Pz
ls2s2p4d 'F3-ls 2$4d Dz
ls2s2p4d 'F4- ls z2$4d 3D3

ls2s2p4d 3D3-lsz2s4d Dz
1s2s2p4p D, -ls 2s4p P)

A, (A)

1.6085
1.6070
1.6064
1.6060
1.6051
1.5999
1.5997
1.5979
1.5976
1.5969
1.5963
1.5960
1.5960
1.5953
1.5952
1.5944
1.5943
1.5934
1,5934
1.5927
1.5925

A, (A)

1.6063
1.5982
1.5981
1.5975
1.5951
1.5950
I.S949
1.5949
1.5947
1.5946
1.5945
1.5919

(c)

F,'(s) (10" sec ')

6.11
5.61
7.88
7.59
8.14
9.12
8.9S
9.45
5.86

60.85
6.35

62.17
25.S5
63.06
6.86

26.37
10.82
23.39
10.90
12.39
6.45

Fz'(s) (10"sec-')

8.33
7.71
8.87
5.38

26.61
6.30

12.62
5.67

16.36
31.20
5.56
6.42

E, (keV)

6.6948
6.7540
6.7030
6.7331
6.7466
6.7356
6.7365
6.8055
6.8055
6.7501
6.7520
6.7466
6.8239
6.7926
6.7867
6.7620
6.7620
6.7030
6.7030
6.7466
6.7457

E, {keV)

7.1301
7.1328
7.1328
7.2256
7.1503
7.1486
7.1827
7.1486
7.2596
7.2396
7.2395
7.1970

TABLE VI. Ni XXIV n =2 strong dielectronic satellite lines {only lines with line factors of I/100 or larger than the strongest sa-

tellite line are listed). A„A„and Fz (s) are in units of 10'3 sec '. The energy E, of the upper quantum state is related to the

ground state of the berylliumlike ion. The letters A, B,C designate lines discussed in the text.

Transitions

1$2$2p D5yz —1$2p D5gz
1$2$2p P) yz

—1$2$2p P) yz

1$2$2p P5 yz
—1$2$2p P q yz

1$2s 2p P)&z-1$2$2p P3/z
ls2$ 2p D3~z-1$2$2p P3&z
1$2s'2p "D„,-ls'2s'2p 'P„, C
1$2$2p P) yz

—1$ 2$2p P) gz 8
1$2sz2p D3&z-Is 2s 2p P)zz A

ls2s 2p P3&z-1$2s 2p P3&z

1$2$2p S)yz
—1$2$2p P3yz

13.68
1.18
3.03
1.22

12.80
13.68

1.22
12.80
3.72
9.18

37.65
26.08
28.39
18.27
34.25
37.65
18.27
34.25
21.70
30.29

0.62
6.16
5.76

13.12
5.44

26.57
72.02
42.71
82.01
42.98

27.51
68.63
6.35

86.56
49.08
27.51
86.56
49.08
84.75
44.16

Fz (s}

0.79
0.44
3.01
0.30
3.34

33.47
1.67

26.24
11.46
10.60

1.6550
1.6208
1.6205
1.6165
1.6165
1.6141
1.6118
1.6117
1.6109
1.6097

E, (keV)

5.8912
5.8369
5.8609
5.8797
5.8801
5.8912
5.8797
5.8801
5.9067
5.9125
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TABLE VII. Inner-shell excitation rate coef6cients C (cm' sec ') from the ground state Is'2s 'Sizz of Nixx~&. Is2s2p P5/2
4

branching ratio is 0.58, extrapolated from Ref. 44, wavelength is A, =1.6017 A. Numbers in square brackets are powers of ten, e.g.,
0.348[—17]=0.348 X 10-".

T, (keV)

0.6
1.0
1.4
1.8
2.2
2.6
3.0
3.4
3.8
4.2
4.6
5.0
6.0

T, {keV)

0.6
1.0
1.4
1.8
2.2
2,6
3.0
3.4
3.8
4.2
4.6
5.0
6.0

Is2sz zS„,(0)

0.348[—17]
0.460[—15]
0.353[—14]
0.106[—13]
0.210[—13]
0.332[—13]
0.460[—13]
0.586[—13]
0.705[—13]
0.816[—13]
0.917[—13]
0.101[—12]
0.120[—12]

Is2s2p P3/z(q)

0.110[—16]
0.164[—14]
0.136[—13]
0.438[—13]
0.915[—13]
0.1S2[—12]
0.220[—12]
0.292[—12]
0.365[—12]
0.436[—12]
0.506[—12]
0.572[—12]
0.725[—12]

Is2s2p P)/z(U)

0.174[—17]
0.217[—15]
0.158[—14]
0.452[—14]
0.855[—14]
0.130[—13]
0.173[—13]
0.213[—13]
0.247[—13]
0.277[—13]
0.302[—13]
0.323[—13]
0.359[—13]

Is2s2P zP&/z(t)

0.320[—17]
0.467[—15]
0.382[—14]
0.121[—13)
0.249[—13]
0.410[—13)
0.589[—13]
0.775[—13]
0.962[—13]
0.114[—12]
0.132[—12]
0.149[—12]
0.187[—12]

Is2s2p P3/z(u)

0.341[—17]
0.436[—15]
0.323[—14]
0.943[—14]
0.181[—13]
0.279[—13]
0.379[—13)
0.473[—13]
0.559[—13]
0.635[—13]
0.703[—13]
0.762[—13]
0.878[—13]

Is2s2p P3/z{s)

0.280[—17]
0.369[—15]
0.274[—14]
0.794[—14]
0.151[—13]
0.229[—13]
0.306[—13]
0.376[—13)
0.437[—13]
0.489[—13)
0.532[—13)
0.567[—13]
0.626[—13]

Is2s2p 'P„z(r}

0.396[—17]
0.569[—15]
0.462[—14]
0.146[—13]
0.300[—13]
0.492[—13]
0.706[—13]
0.927[—13]
0.115[—12]
0.136[—12]
0.157[—12]
0.177[—12]
0.222[—12]

Is2s2p P»z

0.432[—17]
0.645[—15]
0.397[—14]
0.114[—13]
0.214[—13]
0.324[—13]
0.431[—13]
0.528[—13]
0.611[—13]
0.682[—13]
0.740[—13]
0.786[—13]
0.862[—13]

4. Inner-shell satellites

The alternative method for exciting sateilite lines is
the excitation of an inner-shell electron by electron im-

pact. This process is important only for n =2 satellites

in the spectral range considered and requires the calcula-
tion of the appropriate excitation rates. The excitation
rate coefficients are given in Table VII for the lithium-
like NixxvI ion. These must be multiplied by the au-
toionizing level branching ratio

TABLE VIII. Inner-shell excitation rate coeScients C (cm' sec ') from the ground state to the Is2sz2p' states as indicated.
Spectral lines corresponding to A, B„C are discussed in the text. Numbers in square brackets are powers of ten, e.g.,
0.319[—17]=0.319X 10

T, (keV) 4P &/z

Direct excitation
Is 2s 2p Pj/z —Is2s 2p

D3/z (A) P&/z {B) P3/2

Two-stage excitation

Is'2s'2p 'P)/z- Is 2s'2p 'P3/z ' Is'2s'2p 'P3/z-1s2s'2p D5/z (C)

0.6
1.0
1.4
1.8
2.2
2.6
3.0
3.4
3.8
42
4.6
5.0
6.0

0.319[—17]
0.388[—15]
0.282[—14]
0.814[—14]
0.156[—13]
0.240[—13]
0.324[—13]
0.405[—13]
0.478[—13]
0.544[—13]
0.603[—13]
0.654[—13]
0.756[—13)

0.888[—17] 0.661[—17]
0.123[—14] 0.927[—15)
0.991[—14] 0.754[—14)
0.312[—13] 0.239[—13]
0.642[—13] 0.496[—13]
0.106[—12] 0.822[—13]
0.152[—12] 0.119[—12]
0.200[—12] 0.157[—12]
0.249[—12] 0.196[—12]
0.296[—12] 0.235[—12]
0.343[—12] 0.272[—12]
0.387[—12] 0.308[—12]
0.488[—12] 0.391[—12]

0.316[—18]
0.428[—16]
0.33S[—15]
0.103[—14]
0.207[—14]
0.333[—14]
0.470[—14]
0.609[—14]
0.745[—14]
0.877[—14]
0.100[—13]
0.112[—13]
0.138[—13]

0.380[—10]
0.288[—10]
0.214[—10]
0.178[—10]
0.155[—10]
0.136[—10]
0.122[—10]
0.111[—10]
0.103[—10]
0.944[—1 1]
0.871[—11]
0.822[—11]
0.719[—11]

0.702[—17]
0.920[—15]
0.709[—14]
0.215[—13]
0.430[—13]
0.688[—13]
0.966[—13)
0.125[—12]
0.152[—12]
0.179[—12]
0.204[—12]
0.227[—12]
0.278[—12]

The rate coeScients of this column are extrapolated from results for iron given by Mason and Storey, Ref. 25. The radiative prob-
ability of the corresponding line is 5.55 & 10 sec ' (magnetic dipole}.
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g A, ++A„
obtained from Table III(a) in order to derive line emis-
sivities (radiative cascades between autoionizing levels
are negligible).

In the case of the berylliumlike ions, inner-shell exci-
tation efBciently excites only two of the levels; those
marked with an asterisk in Table V(a). The excitation of
these levels is a process similar to the excitation of the
line intensities ui and y in the He-hke ion. Detailed cal-
culations for iron have shown that the screening efFect
due to the closed 2s shell reduces the corresponding ex-
citation rate by only a few percent. The emissivity of
the ls 2s —ls2s 2p 'I', line (called P in the literature)
and the 1s 2s -1s2s 2p I'& line can therefore be es-
timated from the values given for u and y in Table I
column (a) multiplied by the branching ratio
A„/(gA, +g/(, ) obtained from Table V(a). The effect
of the branching ratio is to cause the P line to be strong
and the other line weak.

For the five-electron spectrum of boronlike NixxIV
the excitation rates for inner-shell excitation are given in
Table VIII. The rate coefBcients for the 6rst excitation
in a possible two-stage excitation process are extrapolat-
ed from results for iron given by Mason and Storey. is

To obtain intensities, the excitation rates must be multi-
plied by the branching ratios derived from Table VI, the
density of boronlike ions, and the electron density.

8. Hydrogenlike spectrum

The wavelengths of the hydrogenlike nickel I.yman-a
doublet lines (Lyman-ai 2p ~3/2 ls Sl/2 and Lyman-
a2 2p P, /z

—ls S,/2) are, respectively, 1.5297 A and
1.5350 A (these values do not include quantum electro-
dynamics efFects, see Mohr ). Excitation rates for H-
like Ni has been extrapolated from the results on Ca
(Ref. 27} using a Z scaling. Using the collisional radia-
tive code described by Tallents, the intensity ratio of
the Lyman-a2 to Lymanm, lines can be shown to be in
the ratio (0.5) of the statistical weights of the upper
quantum states and the magnetic dipole line
(2s S»2-ls S,/2) at 1.53486 A (including a Lamb shift
of 1.4X 10 A) can be shown to have 5% of the intensi-
ty of the Lyman-a, component.

The wavelengths and intensities of the heliumlike
dielectronic satellites are evaluated using the
SUPERSTRUCTURE program as outlined in Sec. IIIA.
Table IX(a) gives the Ni xxvH n =2 dielectronic satellite
wavelengths Fz (s} and E, values obtained by diagonali-
zation of a large basis set including all configurations
with n =2,3,4, 5 orbitals (i.e., 42 configurations). Data
from the same computation for n =3,4, and 5 are given
in Tables IX(b), IX(c), and IX(d). The monoelectronic
wave functions used in the calculations are hydrogenic.
Direct excitation of the heliumlike ground state cannot
produce dielectronic satellites with any reasonable prob-
abihty as it would be necessary to excite two electrons

E, (keV)

TABLE IX. (a) Ni XXVII n =2 dielectronic satellite lines. The energy E, of the upper quantum
state is relative to the ground state of the hydrogenlike ion. (b) Ni XXVII n =3 strong dielectronic sa-
tellites. (c) Ni XXVII n =4 strong dielectronic satellites. (d) Ni XXVII n =5 strong dielectronic satel-
lites (only lines vnth line factors of 1/100 or larger than the strongest satellite are listed).

Transitions A, (A) Fz (s) (10' sec ')

So-1s2p
2s2'So-1s2p P
2$ P2 —1$2p P i

2s2p Po-1s2s Sl
2p P2-1s2p Sz
2s2p 3P&-1$2$ SI
Zp D&-1$2p 'P&

2p P2-1s2p P&

2s2p Pz-1$2$ Sl
2p Dp —1$2p P2
2s2p 'P& -1s2s 'So

2p 'So-1s2p 'P&

2$2p P I
—1$2$ S l

1.5583
1.5500
1.5461
1.5430
1.5423
1.5418
1.5409
1.5380
1.5377
1.5371
1.5366
1.5340
1.5305

2.20
2.81
6.23
0.59

13.66
2.87

30.26
9.49
2.90

12.33
17.00
2.14
0.91

5.4742
5.4742
5.5369
5.4774
5.5369
5.4836
5.5637
5.5369
5.5052
5.5637
5.5431
5.6001
5.5431

2s3s 'So-1s3p 'P&

2s3p P2-1s3d D3
2p3p Dz —1s3p 'Pl
2s3s So-1s3p P&

2p3p D2-ls3p P2
2p3d F2 —1s3d D2
2p3d F2 —1s3d D&

2s3d D2-1s3p 'P&

1.5409
1.5393
1.5386
1.5385
1.5375
1.5374
1.5374
1.5368

0.89
0.31
0.78
1.72
1.27
0.44
0.54
1.53

6.9421
6.9520
6.9543
6.9421
6.9543
6.9594
6.9594
6.9638



37 OBSERVATIONS AND COMPARISONS %'ITH THEORY OF THE. . .

TABLE IX. (Continued. )

Transitions

2p3d F3 —ls3d 3D3

2p3p Dz-ls3p 3P,
2$ 3p P) —1$3$ $ )

2s31 Dz-ls3p 'Pz
2p3s P&-1$3$ 3$',

2s3d 'Dz- ls3p 3P,

2p3p 3Pz-ls3p 'Pz
2p 3d Fg —1$3d D3
2p3p 'Dz-ls3p 'P&

2p3p Pz —1$3p Pi
2p3s 'P&-1s3$ '5p

2p3p 'Dz- ls3p 'Pz
2p3$ Pl 1$3$ 5
2p3d 'F3-1$3d D3
2p3d 'F3 —ls3d 'Dz

2p3p 'Sp-1$3p 'P
2p3d 'F3- ls3d 'Dz

1.5363
1.5362
1.5360
1.S3S7
1.5341
1.5328
1.5322
1.5321
1.5311
1.5309
1.5309
1.5300
1.5292
1.5290
1.5290
1.5287
1.5285

Fz (s) (10" sec ')

0.95
0.62
0.64
1.30
1.32
1.21
1.05
2.28

10.83
3.12
6.26
4.91
1.31
1.00
2.80
1.01
1.73

E, (keV)

6.9678
6.9543
6.9457
6.9638
6.9559
6.9731
6.9821
6.9895
6.9901
6.9821
6.9816
6.9938
6.9816
7.0063
7.0063
7.0063
7.0068

2s4s 'Sp —ls4p 'P&

2s4s 'Sp —1$4p P)
2p4p Dz-ls4p 'P&

2p4p 3Dz-1$4p Pz
2$4d Dz —ls4p 'P)
2s4d 'D, —1s4p
2s4p 'P, -ls4s Sp
2$4d 'F4-1$4d 'D3
2p4s 'P, - ls4s 'Sp

2p4p 'Dz-1s4p 'P)
2p4p 3Pz-ls4p P)
2p4d 'D3-ls4d Dz

2p4p 'Dz-1$4p Pz
2p4$ 'P, - ls4s 'Si
2p4d 'F, —ls4d 'D,
2p4d 'F, —ls4d 'Dz

2p4p '5'p-1$4p 'P)
2p4d 'F, —ls4d 'D,

1.5376
1.5365
1.S364
1.S359
1.5357
1.5352
1.5342
1.5306
1.5306
1.5306
1.5304
1.5302
1.5300
1.5299
1.5296
1.5296
1.5296
1.5294

(c)
0.32
1.33
1.16
1.44
0.43
0.34
1.37
1.23
1.82
4.14
3.00
0.47
3.10
0.73
0.92
1.31
0.67
0.82

7.4433
7.4433
7.4494
7.4512
7.4531
7.4531
7.4528
7.4804
7.4743
7.4805
7.4754
7.4813
7.4805
7.4743
7.4858
7.4858
7.4851
7.4858

2p5p 'Dz-ls5p 'P,
2s5s 'Sp —ls5p 'P&

2p5p 'Dz-lsSp Pz
2p5d F3-ls5d'D3
2p5d 'F3- lsSd 'Dz

2$5p P) —1$5$ 5)
2p5s 'P, - ls5s 'Sp

2p5d F4-lsSd 'D3
2pSp P, -ls5p 'P&

2p5p Dz-ls5p P&

2pSd'D3-1$5d Dz
2p5p Pz-1$5p Pz
2p5$ 'P& —1$5$ S&

2p5p 'Sp-1$5p 'P,
2pSd 'F3-1$5d D3
2p 5d 'F3- 1$Sd 'Dz

2p5d 'F3-IsSd Dz

1.5344
1.5358
1.5355
1.5353
1.5353
1.5344
1.5303
1.5302
1.5302
1.5301
1.5300
1.5300
1.5299
1.5298
1.S297
1.5297
1.5296

0.93
0.92
1.07
0.41
0.46
0.91
0.83
0.79
2.31
1.89
0.35
1.96
0.38
0.48
0.70
0.83
0.52

7.6773
7.6738
7.6773
7.6803
7.6803
7.6788
7.7030
7.7068
7.7067
7.7038
7.7072
7.7067
7.7030
7.7092
7.7097
7.7097
7.7097
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together. The intensities of the satellites to the hydro-
genlike lines can, therefore, be found in a straightfor-
ward manner, using the Fz (s) and E, values of Table IX
and Eq. (3).

IV. SIMULATION OF THE SPECTRA

The experimentally observed spectra presented in Sec.
II have been simulated by integrating theoretical spectr a

enved from the data of Sec. III along the spectrograph
line of sight. The radial electron temperature and densi-
ty variations are measured by other diagnostics on JET
and are used to calculate the emissivity at points along
the line of sight.

As an example of the He-like spectrum at a particular
position in the plasma, the calculated relative emissivi-
ties of the satellite lines to the resonance line emitted at
the plasma center (i.e., the magnetic axis) are shown in

ig. 3. The wavelengths and emissivities of 148 lines
making up the spectrum are considered. The popula-
tions of the diN'erent ion stages are taken to be in coron-
al equilibrium with relative values calculated using the
data of Ref. 29. The solid curve of Fig. 3 is obtained by
summing up the contributions from all lines assuming
thermal Doppler (Gaussian) line broadening with an ion
temperature equal to the value deduced by fitting a
Voigt profile to the experimentally measured resonance
line profile (see Sec. II).

The brightness 8 (A, ) at wavelength I, seen by the x-
ray spectrograph is given by

(4)

where the integration is with respect to the major radius
R, the "impact parameter" Ro=1.82 m is the distance
of closest approach of the line of sight to the center of
the torus and R& -4.2 m is the outer boundary of the
plasma. Other parameters introduced in Eq. (4) are the
emissivity of the resonance line e„„a"shape factor" P
relating the peak emissivity of the resonance line to the
total emissivity e„, of the line and the intensity 8'(A, ) at
wavelength A, of the spectrum relative to the resonance
line peak emissivity. For thermal Doppler broadenin

shape factor can be related to the ion temperature T;
ending,

in keV and ion atomic weight M in amu by

y =390' Q~/r, ,

where Ao is the resonance line wavelength.
We set A, '=A, I1—[U(R)/c](RO/R)] in order to take

account of any bulk plasma motion [of toroidal velocity
U(R)] producing a Doppler shift of the spectrum. Here
the velocity of light is designated by c. However for th
d ischarges discussed in this paper, U(R)&10 m/s and

In order to perform the integration along the line of
sight [Eq. (4)], electron temperatures T, (R) are obtained
from absolutely measured values of the electron cyclo-
tron emission and electron densities E,(R) from inter-
ferometric measurements. ' Figure 4 shows the calculat-

CO

0.8—

~, 0.6-

I
e~
C5 0.4—
K

1.60
) (A)

1.62

FIG. 3. Calculated relative spectral emissivities ne th h 1' 1'k

conditions found in the plasma cent f th
ear e e ium i e nickel resonance line for an ass

cen er or e experimental spectra of Fi . 2 (,T =2.8 keV .
umed isothermal plasma with

~ ~ ~

using the data of Ref. 28 is assumed. Th
g. , = . eV}. Coronal ionization balance calculated

e . is assume . e circles show the wavelengths and relative intensities of individual spectral lines
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rates from Post et al. " It is assumed that the concen-

tration of nickel varies spatially with the same pro61e as

the electron density.
An example of heliumlike simulated spectra integrated

along the line of sight of the x-ray spectrograph is shown
in Fig. 5 for a peak electron temperature of 2.8 keV.
The relative intensities of the spectral lines of Fig. 5 are
almost identical to those shown in Fig. 3 for an iso-
thermal plasma of electron temperature 2.8 keV, illus-
trating the domination of the spectrum by emission from
the central plasma.

V. DISCUSSION
A. Heliumhke spectrum

Parameters in th8 simulated spectrum (Fig. 5) which
are adjusted to optimize the 6ts to the experimentally
recorded spectrum are the level of continuum emission
and background, the fraction of nickel in the plasma,
and a wavelength shift of all lines. The required shift of
the lines is =+2.9 mA and is needed partly because of
uncertainties in the absolute determination of the record-
ed wavelengths (see Sec. II) and partly because of uncer-
tainties in the calculated absolute wavelengths. The ex-
perimentally determined wavelengths are listed and com-
pared with calculations from this paper and various au-
thors in Table X. Small shifts of the calculated wave-

lengths were introduced to obtain the best fit (Fig. 6). In
particular, the lines y and q have been separated by 0.6
mA. The experimentally determined wavelengths of the
t and k satellites have been adjusted for the presence of
nearby moderately intense satellites (rn and a, respective-
ly) by corrections of +0.024 and +0.073 mA estimated
from the calculations for Fig. 3.

The theoretical calculations of Sec. III have been
made with the same monoelectronic wave functions for
the 2-5-electron ions. This ensures good relative wave-
lengths between ionization stages (see Fig. 5), but may
lead to the absolute wavelengths being in error, as the
results of Table X suggest. If a wavelength shift of
+2.9 mA is added to all the wavelengths, we 6nd
overall good agreement between the experimental and
di8'erent theoretical wavelengths, both relative and
absolute, within the experimental errors.

The intensities calculated from the theoretical compu-
tations of Sec. III and the experimentally observed inten-
sities are in overall approximate agreement (see Fig. 5).
The purely dielectronic satellite lines k and j are best
6tted with a peak electron temperature T, =2.8 keV
rather than the peak T, =3.1 keV measured from elec-
tron cyclotron emission. However, in Fig. 5, the largest
discrepancies between the simulated and observed spec-
trum arise with the intensities of the berylliumlike and
boronlike lines (found at A, y 1.605 A in Fig. 5) which,
being less ionized than heliumlike and lithiumlike ions,
are abundant for lower temperatures and are therefore
more sensitive to physical conditions in cooler plasma
regions.

The intensities of the three boronlike lines marked A,
8, and C in Tables VI and VIII can be used to determine
the ratio of the boronlike to berylliumlike populations.
The three lines give rise to two peaks clearly seen in Fig.
2(a) spectrum at wavelengths 1.6144 and 1.6167 A (A
and 8 are blended as a single feature). From the atomic
data of Table VI, the dielectronic intensities through
recombination of the Be-like ion are in the ratio
( A +8)/C =0.83, while the observed spectrum shows a

TABLE X. Experimentally determined wavelengths and various theoretical wavelength calculations. %here possible spectral
lines are designated by symbols discussed in the text. The relative accuracy of the experimental wavelengths is approximately
+0.0001 A. The absolute accuracy of the experimental wavelengths is approximately +0.001 A.

This work
(experimental)

This work
(theoretical) Ref. 32

Wavelengths (A)
Theoretical

This work (theory)
plus 0.0029 A R.ef. 33 Ref. 34

Ni XXVII
Ni XXVI x

t

1.5886
1.5925
1.5940
1.5966
1.5972
1.5987
1.5999
1.6011
1.6038

1.5856
1.5897
1.5911

1.5941

1.5956
1.5973
1.5983
1.6010

1.5885
1.5926
1.5940

1.5970

1.5985
1.6002
1.6012
1.6039

1.5879
1.5918
1.5934
1.5959
1.5965
1.5980
1.5992
1.6005
1.6031

1.588 48 1.588 26
1.592 36 1.592 20

1.596 56 1.596 32

1.603 64 1.603 39

Nixxv

Ni XXIV

13

1s2s2p D3-1s 2s2p 3P

1s2s2p' 'D2- Is'2s2p IP,

1s 2s 2p S»2-1s'2s 2p j"3~2
1s2s 2p P3&z-1s 2s 2p I'3&2

8
C

1.6046
1.6090
1.6110

1.6123
1.6135
1.6144
1.6144
1.6167

1.6015
1.6064
1.6087

1.6097
1.6109
1.6117
1.6118
1.6141

1.6044
1.6093
1.6116

1.6126
1.6138
1.6146
1.6147
1.6170
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FIG. 6. Simulated spectral intensities of heliumlike nickel and satellites for a peak on-axis electron temperature T, =2.8 keV,
but with the ionization equilibrium populations increased by factors of 1.75, 1.5, and 2.5 for the lithium, beryllium, and boronlike

ionization stages, respectively, from the values calculated using the data of Ref. 29. The spectral line wavelengths are deduced

from the experimenta1 spectrum (see Table X}. Voigt line proSles with a Gaussian width corresponding to an ion temperature of
2.39 keV and a I.orentzian width corresponding to one channel have been used.

ratio of 1.8. This shows that there is a contribution
from inner-shell excitation of the 8-like ion to the
feature ( A +8), while such a contribution is not possi-
ble for the line C as this line is not accessible by direct
excitation from the ground level and two-stage excita-
tion via the ls 2s 2p P3/2 level (see Table VIII) is negli-
gible for X, ~10' cm . The observations imply a pro-
portion of SS%%uo of the feature at ( A +8) as being due to
inner-shell excitation.

The relative abundance ratios deduced from the best
fit to the experimental data including integration along
the spectrometer line of sight are 0.7, 0.2, and 0.06 for
Ni xxvi/Ni xxvII, Ni xxv/Ni xxvH, and Ni xxiv/
NixxvII, respectively. Theoretical values for a coronal
equilibrium distribution deduced from the data of Ref.
29 for a central electron temperature of 2.8 keV are
0.330, 0.090, and 0.017, respectively (a peak electron
temperature of 3.1 keV yves the corresponding values of
0.27S, 0.061, and 0.0097). This comparison clearly
shows discrepancies between the population ratios of the
lithiumlike to boronlike ions relative to the heliumlike
ions and the theoretical values. Effects which could
cause such discrepancies between the experimentally
determined lithiumlike to boronlike population and
theory are discussed briefly below.

(i} Inaccurate electron temperature. The observed in-
tensities of berylliumlike and boronlike lines seem to im-

ply in the plasma center electron temperatures of 2.3
keV assuming coronal equilibrium calculated with the

data of (Ref. 29) or lower (assuming the caronal ioniza-
tion balance data of Refs. 3S-37), which are well outside
the error range possible for any of the electron-
temperature diagnostics of JET (see Refs. 30 and 38).

(ii} Uncertainties in the ionization-recombination rate
coefficients of the lithiumlike to baronlike ions. There
are two possibihties here.

(a) Uncertanties in the ionization-recombinatian rate
coefficients. Errors of up to a factor 2 are usually as-
sumed to be possible in calculated ionization balances
between ionization stages. Estimates of the experimental
ratio of the Ni xxIv/Ni xxvn populatians vary from cal-
culations using the data of Ref. 29 by a factor -3 and

by larger factors if we compare to the tabulations of
Refs. 3S-37).

(b} Uncertainties in the excitation rates, autoioniza-
tion, and radiative probabilities. The ability to obtain a
good agreement between the observed and simulated
spectra (see Fig. 6} imphes that these atomic data are ac-
curate to within 10%. If the atomic rates were not very
accurate, the adjustment would require as many parame-
ters as there are lines. Only three parameters are adjust-
ed for approximately 15 signi5cant lines.

(iii) Hollow impurity profiles. Instead of the ratio of
the nickel density to electron density being constant over
the plasma proNe as assumed for the simulations of this
paper, the ratio could change with minor radius. Mea-
surements of nickel concentration in JET from observa-
tions of emission from lower ionization stages, i.e., emis-
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sion from the plasma edge (e.g., NixvII), agree to
within the estimated accuracies of the measurements (ap-
proximately a factor 2-3) with nickel concentrations de-
duced using our heliumlike nickel resonance line intensi-
ties which are emitted in the plasma center. Simulations
(as for Fig. 5) with a factor 2 increase of nickel concen-
tration from the center to the edge of the plasma only
produce a small variation of the relative satellite intensi-
ties.

(iv) Charge-exchange recombination with thermal
background hydrogen. Estimates indicate that charge-
exchange recombination does not alter the populations
of hydrogenlike to boronlike nickel ions at the neutral
density values measured in the center of JET by
neutral-particle analyzers, but may do so at positions at
and beyond the half minor radius (see the Appendix).
Charge exchange could also cause extra emission here by
directly populating higher quantum states of the ions
without necessarily changing the ionization balance.

(v) Transport. The efFect of the inward transport of
Ni impurity ionization stages from the tokamak edge to
the center for hydrogenlike to boronlike satellite emis-
sion varies from negligible (hydrogenlike to beryllium-
like) to small (boronlike) for the impurity diff'usion

coefficient D =10000 cm /sec and inward drift velocities
U =400 cm/s measured in JET. These values of D and
U have been determined using vuv spectroscopy of the
decay of accidental metal injections and by observing in

the vuv the position and width of impurity emission
shells. With different D and U values and possibly radial
dependencies in these parameters the cfkct of transport
might become noticeable.

It seems that efFects (i), (ii), and (iii) are probably not
significant [although uncertainties mentioned in (iia) are
significant in this comparison] but that processes (iv) and
(v) may have efFects on the emission of at least some of
the lithiumlike to boronlike satellites. One of them, or
possibly both acting together, could produce the
discrepancies. In the absence of more quantitative infor-
mation, we can heuristically adjust the lithiumlike to bo-
ronlike ion populations in our simulations of the spectra
to obtain agreement of simulated spectra with the exper-
imental spectrum.

The population of the lithiumlike to boronlike ions
across the proffle are adjusted by a constant factor for
each ionization stage in Fig. 6. In order to obtain agree-
ment of the simulation with the experimental spectrum,
we need populations which are 1.75 times the lithiumlike
populations, 1.5 times the bcryBiumlike populations, and
2.5 tirades the boronlike populations obtained from Ref.
29 if the central, on-axis electron temperature is taken to
be 2.8 keV. Since the full spectrum is composed of spec-
tra from difFerent plasma shots there might be smaH
variations from shot to shot in plasma parameters, i.e.,
also in the ion stage abundances. In particular there is
an underestimate of the emission at 1.607 A. However,
a simulation of the spectrum in the region 1.603-1610A
with a larger I.i-like abundance cannot give a better fit
than the one presented in Fig. 6.

In the Fig. 6 plot, the calculated spectra are convolut-
ed with a I.orcntzian line pro61e which has a half width

equal to the natural broadening of the He-like Ni reso-
nance line. This results in better 6ts to the experimental
spectra compared to Fig. 5 where simple Gaussian
profiles are assumed. The Fig. 6 fits are also improved
by using the spectral 1ine wavelengths deduced from the
experimental spectrum (see Table X).

8. Hydrogenlike spectrum

VI. CONCLUSIONS

The n =1 to n =2 spectra have been recorded for
heliumlike and hydrogenhke nickel emitted for the JET
tokamak with a spectral resolution A, /hA, of -20000.
Atomic data (wavelengths and intensity factors) have
been calculated in a multicon6guration intermediate cou-
pling scheme using scaled Thomas-Fermi-Dirac poten-
tials and compared with the experimental spectra.

TABLE XI. The wavelengths of the hydrogenlike nickel
Lyman-u lines and their separation (hA, }. The relative accura-
cy of the experimental wavelengths is approximately +0.0001
A. The absolute accuracy of the experimental wavelengths is
approximately 0.001 A.

Experimental
Present
calculation
Ref. 26
Ref. 32
Ref. 39

XI (A}
Ly1Qan O'

I

1.5297
1.5303
1.5298
1.5304

A2 {A}
Lyman o,2

1.5348

1.5350
1.5358
1.5351
1.5358

dt's, (mA}

5.3
5.43
5.3
5.43

The experimentally determined wavelengths of the hy-
drogenlike I.yman-a& and -a2 lines are listed and com-
pared with calculations from various authors2 ' 9 in

Table XI. The wavelength separation of the doublet
components is also shown.

The intensity ratio of the I.yman-a doublet com-
ponents observed experimentally [Fig. 2(b)] is approxi-
mately 0.6, which is the ratio to be expected from theory
(Sec. III 8) after taking into account the contribution to
the I.yman-a2 intensity from the magnetic dipole
(2s S,&2-ls S,&2) line. The theoretical spectrum from
the data of Table IX is fitted to the experimental
spectrum[Fig. 2(b)] in Fig. 7. The spectrum is made up
of 74 lines. Again, unknown parameters in the calculat-
ed spectrum which are adjusted to optimize the fit are
the level of continuum, background emission, the frac-
tion of nickel in the plasma, and a wavelength shift of all

lines. A wavelength shift was found not to be necessary
for the H-like spectrum, but this is probably fortuitous
in view of our estimated experimental absolute wave-
length measurement error of +0.001 A. Overall, the
calculated and experimental H-like satellite spectrum
agree well (see Fig. 7) although the comparison is not as
detailed as for the He-like spectra.
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FIG. 7. Calculated spectrum near the hydrogenlike nickel Lyman-a doublet (solid curve) superimposed on the experimental
spectrum (data points). Excitation rates of 3.64)& 10 "cm' sec ' and 1.82' 10 "cm' sec ' have been used for a& and a2, respec-
tively (Ref. 27). The two joining spectra have been normalized to the same background (normalization factor of 0.870).

Overall good agreement between theory and the experi-
mental spectra is obtained though the intensities of satel-
lite lines relative to resonance lines from the heliumlike
to boronlike ions indicate population ratios of lithium-
like to boronlike ions relative to the heliumlike ions
greater than expected for a coronal ionization balance.
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in the center of the JET tokamak, but may do so at posi-
tions at and beyond the half minor radius. To do this,
we will compare the rates of recombination due to radia-
tive and dielectronic processes with estimates of the
rates of charge-exchange recombination. The rate R, of
radiative and dielectronic recombination of an ion Ni'+
of population density N, to Ni' "+ is given by

(A 1)

where a, is the rate coefficient for recombination and N,
is the electron density, while the rate of charge-exchange
recombination from Ni'+ to Ni' "+ is given by

R, =N„N, (ou ),
where 0. is the cross section for a charge-exchange col-
lision, u is the relative velocity of the neutral hydrogen
atoms and the nickel ions, and NH is the density of neu-
tral hydrogen.

For charge exchange to be negligible compared to ra-
diative and dielectronic recombination, we require

R, ~~8, ,

which implies that

NH a,

In this appendix we show that charge-exchange
recombination of highly stripped nickel ions with
thermal background hydrogen should not significantly
alter the populations of hydrogenlike to boronlike nickel

We may estimate that a, ~10 ' cm sec ' (Ref. 28),
o —10 ' cm (Refs. 40—42) and that u 510 cmsec
giving from Eq. (A3)
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as the condition for charge exchange to have a negligible
e6'ect on the Ni'+ population.

For the series of JET pulses used to obtain the spectra
for Fig. 2(a}, neutral-particle analyzers 3 have measured

thermal, background hydrogen neutral densities at the
plasma center such that NH/N, =5X10 increasing to
NH /N, = 10 at around half of the minor radius.
Charge exchange is, therefore, not a significant effect on
the population of the highly ionized nickel ions at the
plasma center, but may be important at positions around
and beyond half the minor radius.
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