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The effective ionization and recombination rate coefficients for Ti XVII—XX were obtained by
studying the modulation of line emission by sawtooth oscillations in the TEXT tokamak at the
University of Texas. Experimental data are matched with the simulation of titanium-ion emission
by a one-dimensional (1D) transport code which includes ionization and recombination processes.

The rate coefficients were determined for 7, ~600—1100 eV and N, ~4x 10> cm

=3, The ioniza-

tion rates were about 20% higher than values calculated by Lotz’s formula. The recombination
rates were about 20% less than theoretical values. The uncertainty of ionization and recombination
rate coefficients is estimated to be less than 20% and 60%, respectively. The sensitivity of our
method to various parameters, i.e., the diffusion coefficient, convective velocity, and electron tem-

perature, is also discussed.

I. INTRODUCTION

The study of the transport of impurities and the calcu-
lation of the power balance in a fusion plasma require ac-
curate atomic data such as ionization and recombination
rate coefficients. Measurements of atomic rate coeffi-
cients have previously been made on © pinches which
produce plasmas that can be well diagnosed.!~> However,
most of the highly ionized atoms appearing in fusion plas-
mas cannot be studied in such short-lived and low-T, de-
vices. They can only be studied in the high-temperature
plasma devices, i.e., tokamaks, where they appear as
natural impurities or are introduced artificially. Breton
et al.* observed the sawtooth modulation of Mo XXXI and
XXXII line emissions in a tokamak plasma and determined
the ionization and recombination rates for Mo XXXI to
within a factor of 2. The ratios of ionization to recom-
bination rate coefficients for Fe XV—XIX were measured
by Isler et al’ during the counterinjection of neutral
beams into the ISX-B tokamak at Oak Ridge National
Laboratory. However, in a tokamak plasma, transport of
particles strongly affects the behavior of impurities in the
plasma. It is difficult to separate transport processes
from atomic processes in the study of spectral line emis-
sion of impurity ions. Therefore, one can obtain the
atomic rate coefficients only when the transport processes
can be sufficiently discounted or taken into account. Bre-
ton et al.* neglected the transport effect by assuming Mo
XXXI and XXXII are concentrated in the center of the plas-
ma. Isler et al.’ assumed that the iron ions can reach co-
ronal equilibrium because the equilibration time is much
shorter than the observed ion-confinement time during the
neutral-beam counterinjection. The dielectronic recom-
bination rate coefficients, relative to excitation rate coeffi-
cients, have also been obtained for heliumlike calcium Ca
XIX (Ref. 6) and iron Fe XXV (Ref. 7) and hydrogenlike Ti
xxII (Ref. 8) from measurements of satellite to resonance
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line ratios.

This paper describes the determination of ionization
and recombination rates for highly ionized titanium ions.
Titanium can be the dominant high-Z impurity in
tokamaks with titanium-carbide-coated limiters or parts
containing titanium. Sawtooth modulation of line emis-
sion from titanium ions in a tokamak plasma was
analyzed using the technique of Breton et al.,* modified
to allow for impurity transport and radial variations. A
one-dimensional transport-ionization-recombination code
was used to simulate the behavior of titanium ions. With
the rate coefficients as adjustable parameters, the simulat-
ed and observed time histories of titanium-ion lines were
matched. The accuracy of this method for determining
the rate coefficients and the effect of transport due to dif-
fusion and convection will also be discussed.

The principle of the method and experimental con-
siderations are discussed in the following section. The nu-
merical code and its input parameters are described in
Sec. IV. Section V summarizes the procedures and results
of the study. The sensitivity of the method is discussed in
Sec. VI, as are the possible effects of transport and uncer-
tainties from errors in the electron temperature and densi-

ty.

II. PRINCIPLE OF THE MEASUREMENT

Sawtooth oscillations on soft-x-ray signals from the
central region of a tokamak plasma have been observed
extensively since 1974.°~!2 These oscillations have also
been observed on other diagnostics including line radia-
tion from highly ionized impurities,*!>!* central tempera-
ture, and chord-averaged electron density. The TFR
group'® reported that the majority of the sawtooth oscilla-
tion was due to variations in the central electron tempera-
ture while the electron density was little changed. They
found that the central electron density varied by 1—4 %
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with a corresponding variation of 10—15 % in the central
electron temperature. Thus, for typical conditions the
variation in electron density during a sawtooth can be
considered to be a minor contributor to the ionization-
recombination equilibrium.

The ionization-recombination equilibrium of impurity
ions varies as the electron temperature fluctuates. The
variations of abundances of these ions can be observed in
the modulation of line emissions. Effective ionization and
recombination rates for these ions may therefore be ob-
tained by studying the relation between the modulation of
the line emissions and the electron temperature fluctua-
tions or between the line emission modulation and the
sawtooth oscillations of the soft-x-ray signals.

For optically thin resonance lines of the impurity ions
in a low-density plasma, the line intensity can be described
by the coronal formula!®

h
L= [ nnXdr, (1)

where n, is the electron density, n, is the impurity ion
density in the ground state, X is the excitation rate coeffi-
cient, and the integration is along the line of sight of the
spectrometer. Since the electron density can be considered
to be constant and the excitation rate coefficient is a very
slowly varying function of T, when T, is well above the
threshold excitation energy, only the variation of n, is re-
flected in the observed line signal.

The electron collisional excitation rates were calculated
for Ti-ion lines from the theoretical data given by Bahtia
et al.'” The excitation rate of resonance lines at T, =900
eV varies less than 3% for a change in T, of 50 eV. The
ratio of ionization to recombination rates calculated from
semiempirical formulas of Lotz!® and Burgess'® (see Sec.
IV), however, varies more than 15%.

For forbidden lines from transitions between levels of
the ground configuration of the impurity ions, one has to
consider how the population equilibrium is established be-
tween these levels. The forbidden line intensity is

h
L= f 4—;An,,dr

= f Z—;Aaungdr, (2)

where A is the transition probability, and a, is the frac-
tional abundance of the upper level. As T, varies, both
a, and ng will change. As the change of n, is governed
essentially by the ionization and recombination processes,
the repopulation of the upper level for the forbidden line
is governed by excitation and deexcitation processes. The
excitation and deexcitation are from electron or proton
collisions and radiative transitions.!” The electron col-
lisional excitation rates for the ground levels at 7, =900
eV vary less than 7% for a change in T, of 50 eV. How-
ever, since collisional deexcitation rates are essentially
proportional to the collisional excitation rates, the frac-
tional abundance a, will change by much less than 7%.
Thus, the modulation in the forbidden line intensity is
also mostly due to the variation in ionic abundances.

The relaxation time 7, for ionic abundances to reach
equilibrium at constant 7, has to be considered in the
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analysis. For the modulation of the abundance of ions to
be significant as T, fluctuates, 7, has to be comparable to
the sawtooth period 7;. If 7, >>7,, then the response of
the ionization-recombination process cannot follow the
temperature fluctuations, and there will not be any change
in the ionic abundances. If 7, <<, the change of ionic
abundance will closely follow that of the electron tem-
perature. In this case, the line emission signal will be ex-
actly in phase or out of phase with the soft-x-ray signal
from the same plasma region. In such a case the ioniza-
tion and recombination rates cannot be obtained either,
because any differences in the rates are not reflected in the
line emission signals. A preliminary estimate from rates
calculated by the semiempirical formulas gives 7, of about
2—8 ms. This is comparable with the sawtooth period of
3—5 ms in these experiments.

The abundance of impurity ions in a tokamak plasma is
calculated here by solving the one-dimensional (1D) im-
purity transport-ionization-recombination equation in
cylindrical coordinates

any 1

3
o~y ar e

+ne(Ly _yng 1 —Igng—Rynp +Ry g 41)
(3)

where the I'; are the particle fluxes, the I;’s are the ioni-
zation rate coefficients, and the Ry’s are the recombina-
tion rate coefficients. The particles fluxes are written as

ank
Cy=— |D(r)——+V(rng |, (4)
or

where D(r) is the diffusion coefficient and V(r) is the
convective velocity, both assumed to be independent of
the ionization stage k.

To solve the equations, the diffusion coefficient, the
convective velocity, and the ionization and recombination
rates are needed. If these parameters have no time depen-
dence, an equilibrium can be achieved. If any parameters
have a time dependence of the form P(1)=P,
+Pexp(i2mt /7), then the solution in the first approxi-
mation should be of the form

L 6(r) (5)

Ts

n(r,t)=nQ(r)+ni(rlexp |i2m

nl(r) is the solution of Eq. (3) when dn,/dt=0. The

phase shift 6;(r) will depend on the values of the various

parameters. In this experiment, the ionization and recom-

bination rate coefficients have a time dependence corre-

sponding to the sawtooth oscillations and, therefore, the

solutions of the equations will vary with a period 7.
Correlation functions?

[ S WL +7dr
IS | | L |

are calculated from the solution of the equations. Here,

Cilr)= (6)
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L ()= foa ni(r,t)n, (r)X;(r)dr for resonance lines
= foa ny(r,t)dr for forbidden lines ,

S (1) is a sawtooth function corresponding to the sawtooth
oscillation in the experiment, and X, (r) is the excitation
rate coefficient. The normalization factors |S | and
| Ly | are defined as

T 172
s|=| [, swswa]
and
T 172
Lel = | J, LatoLwar |

The integration of the ion densities n; over the plasma ra-
dius is performed for consistency with the experiment in
which the monochromators view the plasma along the
central chord. However, the ions of interest are mostly at
radii less than 15 cm. The Ci(7) are compared with the
experimental correlation functions (see next section). The
rate coefficients are then adjusted to improve the correla-
tions. This procedure is iterated until the best match of
theory and experiment is obtained.

We must note that the ionic abundances and line emis-
sions described by Eqgs. (1) and (2) might be affected by
transport processes. The time scale for usual transport in
a tokamak, i.e., the impurity confinement time, is much
larger than the sawtooth period. Therefore, the effects of
transport are less important, except possibly for
anomalous transport during the sawtooth crash phase.
Such effects have been observed in several tokamak exper-
iments. Petrasso et al.?! observed flattening of Si XV,
X1v, and XHI profiles after the sawtooth crash in the
Alcator-C tokamak at the Massachusetts Institute of
Technology. This may be explained by an increase in the
diffusion coefficient. The TFR group®? observed fast ex-
pulsion of Ni ions out of the ¢ =1 surface in a neutral-
beam-heated deuterium plasma during the sawtooth crash.
They explain this by assuming an outward convection of
the ions. However, we do not have such clear evidence
that sufficiently rapid transport phenomena exist in the
TEXT tokamak, at least not for the conditions we have
studied. For these conditions the transport coefficients
can be assumed constant and be determined by the impur-
ity injection technique.”® Any rapid transport would
cause modulations in the line emissions either in phase or
180° out of phase with the sawtooth oscillation. In con-
trast, we have observed gradual changes of phase from ion
to ion (see next section). We suggest some of these differ-
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ences are due to neutral-beam heating?? or due to a much
higher ohmic-heating power density?! than in the present
experiments.

III. THE EXPERIMENT

The measurements of the Ti rate coefficients were made
on the TEXT tokamak.?* TEXT is a medium-sized, ohm-
ically heated tokamak with a major radius of 100 cm and
a minor radius of 27 ¢cm. After a 40-msec current rise
period, the discharge settles down to a quiescent state with
constant parameters which lasts for 300—400 ms. The
toroidal magnetic field can be varied over a range of
10—30 kG. Plasma currents have been obtained from 100
to 450 kA with both constant and ramping currents. The
shot-to-shot reproducibility of the macroscopic parame-
ters, the central electron temperature, and central-chord-
averaged electron density is good with less than 10% vari-
ation. We studied three plasma conditions. The toroidal
magnetic fields, plasma currents, and other parameters for
the three conditions are listed in Table I.

Fluctuations in the soft-x-ray emission were studied
with the TEXT silicon surface barrier array.?> The array
consists of 40 diodes with spatial resolution of 1.1 cm
over 80% of the plasma. The data were digitized at 20
kHz with eight-bit digitizers. The minimum detectable
level of fluctuations normalized to the quiescent period
signal is 0.5%.

During the experimental period, a typical discharge ex-
hibited soft-x-ray signals with an 18—20% modulation
and a period of 3—5 ms. The period of a sawtooth is pro-
portional to the density®® and therefore varies somewhat
during a single discharge. The sawteeth invert at a radius
which is consistent with the ¢ =1 radius calculated with
the temperature profile measured by Thomson scattering
and assuming Spitzer conductivity.

The spectral lines observed are listed in Table II. The
instruments employed were a 2.2-m grazing-incidence
(GI) monochromator, a 1-m normal-incidence (NI) mono-
chromator, and a 1-m Czerny-Turner (CT) monochroma-
tor. Each of these viewed a central plasma chord in the
plasma midplane.

Figure 1(a) shows the time-resolved signals of central-
cord soft-x-ray Ti XvII 3834 A, Ti xviI 1778 A, Ti X1X
2345 A, and Ti XX 309 A lines for case I. Figures 2(a)
and 3(a) show the soft-x-ray and spectral line signals for
cases II and III, respectively. The spectral line signals, at
first glance, do no appear to be correlated with the soft-x-
ray signal. This is mostly due to the high noise level in

TABLE I. Plasma conditions.

Plasma Toroidal Central electron Chord-averaged
current magnetic field temperature electron density b?

Case (kA) kG) (eV) (10" cm?) (cm) c?
I 300 28 900 35 16.1 2.52
I1 400 28 1100 4.2 18.4 3.7
1 200 20 600 35 16.9 2.7

b and c are parameters for electron temperature profiles as discussed in the text.
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TABLE II. Lines used for cross correlations with soft-x-ray signals (Refs. 26—28).

Ion Transition Wavelength (A) Monochromator
Ti XX 2P(2P3/2)-25(251/2) 259.30 2.2-m GI
Ti XX 2p(?P,,5)-25(3S1 2) 309.09 2.2-m GI
TI XI1X 252p(1P))-25%('Sp) 169.59 2.2-m GI
Ti XIX 252p(3Py)-25%('S,) 328.34 2.2-m GI
Ti XI1X 252p(°P,)-252p(°P,) 2345.00 1.0-m CT
Ti XVIII 2p(*P32)-2p(*Py ) 1777.95 1.0-m NI
Ti XVII 2p%3D,)-2p*’D) 3834.6 1.0-m CT
Ti XVII 2p%3D,)-2p**Dy) 3371.6 1.0-m CT

the signals. In order to extract the relation between the
signals we calculated the cross correlation of the signals.
The signals are processed by a digital filter routine with
band pass 100—2000 Hz.* The dc level and high-
frequency noise of the signal are eliminated by the filter-
ing process.

The correlation functions were again calculated from
Eq. (6) for 0< 7 <t,, where S(¢) and L, (t) are now the fil-
tered soft-x-ray and line emission signals, respectively.
The time T is chosen to span several sawtooth oscilla-
tions, and ¢, is the sawtooth period. In practice, the
correlations were calculated by the method of fast Fourier
transforms. The frequency spectra of the signals were ob-
tained from the Fourier transforms. Then the autopower
or cross-power spectra were calculated from the multipli-
cation of the complex conjugate of one spectrum with the
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FIG. 1. Signals and correlations for case I. T is the averaged
sawtooth period and 6 is the phase shift in rad.

same or other spectra. The power spectra were then
back-transformed to become the correlations. The statis-
tics of the calculation improve with the number of
sawtooth periods contained in the interval. However, pri-
marily due to density variations, the sawtooth periods
change even during a single shot. Therefore, we used only
time spans that contain sawtooth cycles of similar periods.
Figure 1(b) shows the cross correlations of Ti XVII 3834
A, Ti xvir 1778 A, Ti XIX 2345 A, and Ti XX 309 A
lines with the soft-x-ray signal for case I. The phase shift
0 was directly obtained from the power spectra. Cross
correlations for cases II and III are shown in Figs. 2(b)
and 3(b).

If the light emissions were independent of the soft-x-ray
signal, the cross correlations would be approximately zero.
Figure 4 shows the correlations of continuum radiation
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FIG. 2. Signals and correlations for case II. Ti XIX and Ti
XX signals are from different shots. T and 6 are as in Fig. 1.
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FIG. 3. Signals and correlations for case III. T and 6 are as
in Fig. 1.
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near Ti xx 309 A, Ti XIX 2345 A, and Ti xvi 1778 A.
We also note that the phase shifts for background radia-
tion vary randomly from shot to shot. Totally correlated
signals should give an amplitude of ~ 1, as is seen in the
autocorrelation of the soft-x-ray signal, e.g., in Fig. 1(b).
Even though the correlations for the line signals are less
than 1 in Figs. 1(b), 2(b), and 3(b), they clearly show phase
shifts relative to the autocorrelations of the soft-x-ray sig-
nal. In addition, the correlation functions for Ti XvIi,
XVvIIl, XIX, and XX do exhibit distinctly different phase
shifts relative to each other. The phase shifts are reprodu-
cible to within 0.3 rad or less from shot to shot. These
correlation functions are now used for comparison with a
computer simulation of the ionization-recombination and
ion transport processes in the plasma.

The fractional modulation of the line intensities is
small, <5%, consistent with the assumption underlying
the following analysis that the total titanium distribution
is not significantly perturbed by the sawteeth.

IV. NUMERICAL METHOD

Several algorithms have been devised to solve the 1D
transport-ionization-recombination equations.’*~32 The
algorithms usually involve a division of the spatial dimen-
sion into mesh points, conversion of the differential equa-
tions into difference equations for quantities on the mesh
points, and solving the difference equations. The mesh
points can be equidistant, or of varying distances depend-
ing especially on the phenomena near the plasma edge.
Most of these algorithms require inversions of matrices of
dimension either of the number of ionization stages or of
the number of mesh points.*®3! The computer time need-
ed for such inversions is quite long, especially for small
computers, i.e.,, a PDP-11. To reduce the computer time,
an algorithm discussed by Lackner et al? was used
which does not involve matrix inversions.

Here is a brief description of this algorithm. A more
detailed discussion and analysis of stability of the algo-
rithm can be found in Lackner et al.> The difference
equations corresponding to Eq. (3) are written as
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T T
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FIG. 4. Correlations and background radiations.
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where superscript / represents the /th time step and sub-
script k represents the kth ionization stage. The diffusion
term is represented by the Crank-Nichelson scheme.’
The ionization terms are treated implicitly. This allows
the use of rather large time steps. Much smaller time
steps would be needed if one were to treat ionization expli-
citly because ionization rates of lower ionization stages are
large.

To solve the set of difference equations, one starts from
the lowest ionization stage. Because the ionization terms
are treated implicitly, the last term on the left-hand side
(Ihs) of Eq. (7) does not exist for the lowest ionization
stage. The solution for each ionization stage is entered
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into the third term on the lhs of Eq. (7), as well as the
solution from the previous time step, as input for the
equations for the next ionization stage. For each ioniza-
tion stage, the equations are a tridiagonal system in the
mesh points, which can be easily solved.”

The input parameters needed for solving the equations
are the T,(r)-dependent ionization and recombination rate
coefficients at each mesh point, the diffusion coefficients,
the convective velocities, and the electron density profile
n(r).

The electron density profile in TEXT is measured by a
multichannel microwave interferometer. The electron
density profile can be fitted by the form

n.(r)=n,(0){0.9[1—(r/a)*]1+0.1} ,

where @ =27 cm is the minor radius. The electron tem-
perature in TEXT is measured by Thomson scattering and
electron cyclotron emission (ECE). The average electron
temperature profile measured by Thomson scattering can
be fitted by the form

T,(r)=T,(0)exp[ —(r /b)] ,

where T,(0), b, and c are listed in Table I. Figures 5 and
6 show the electron temperature profile evolution, during
the sawtooth oscillation, assumed in our simulation. The
electron temperature profile evolution was chosen to be
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FIG. 5. Electron temperature profile evolution for case I dur-
ing one sawtooth oscillation. The inserts indicate the time dur-
ing fall (a) and rise (b) of the sawtooth.

WANG, GRIEM, HESS, ROWAN, AND KOCHANSKI 33

|20§0 T T T T T T T T T T T T T T
s ~
- —
800 — —_
—_ r -
: ]
@ r -
- - —
- -
400— —
- —
ot -~
) 1
o 10 20 30
(cm)
'E°°a T T T T T T T T T T T T T L
3
3 —~
2
T -
800 —
3 a
d
- -
3 -

ll’YYll]lIlll]llllll

o
o
S
»
o
8

(em)
FIG. 6. Electron temperature profile evolution for case II
during one sawtooth oscillation. The inserts are as in Fig. 6.

consistent with the soft-x-ray emission profile, especially
during the rising phase of the sawtooth oscillation.>* The
declining phase is less important because of its short time.
Measurement of electron temperature profile evolution by
ECE was not done at the time of our experiment; howev-
er, the assumed electron temperature profile evolution is
consistent with recent measurement by ECE.

From the electron temperature profile, one can calcu-
late the atomic rate coefficients at each spatial point. The
ionization rate coefficients are calculated from Lotz’s
semiempirical formula.!® The radiative recombination
rate coefficients are approximately evaluated by the hy-
drogenic formula

I 1372
a'=5.0x10"1z4 | 2
e
1—¢/2n} 2y 2y
3 SXP |75 Ey|—
no OTe nOTe
n 2 2
max z IH z IH
+ 3 —gexp | |Ei |5 ,
n=ny+1 n Te n Te

(8)

where ng is the principal quantum number of the outer
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main shell, § is the number of bound electrons in the shell,
Iy is the ionization energy of hydrogen, z is the charge of
the recombining ion, n,,, is chosen to be 25 (since the
contribution from higher n is proportional to n —3, the
value of n,, is not important), and the function E, is the
exponential integral of index 1. The dielectronic recom-
bination rate coefficients are calculated from Burgess’s
formula.”” The transitions, their oscillator strengths, and
energies for the calculation of dielectronic recombination
rates are listed in Appendix A. The recombination rate
coefficients are obtained by adding the dielectronic and
radiative rate coefficients. However, the dielectronic rates
are much larger than the radiative rates for most ions ex-
cept Ti XXI. Each rate coefficient is multiplied by an ad-
justable factor in our code.

The diffusion coefficient is assumed to be independent
of radius and ion species. The convective velocity is as-
sumed to have a radial dependence of

Vin=va<,
a

where @ =27 cm is the minor radius. The constant dif-
fusion coefficient D and the convective velocity, V(a), of
impurity ions were obtained in the TEXT tokamak by the
laser blow-off technique.”* From this measurement,
Rowan et al. obtained D ~10* cm?/sec and ¥V (a)~ 1000
cm/sec. These values were used in our code. A 100% re-
cycling of impurities is assumed at the boundary r =a.
The recycling of impurities is consistent with the fact that
the impurity levels remain constant during the quiescent
state of the plasma. The time step, At in Eq. (7), was
chosen to be in the range of 0.01—0.1 ms.

V. THE IONIZATION AND RECOMBINATION
RATE COEFFICIENTS

The titanium ions Ti XVII—XX are most abundant in
the central region of the plasma, where lower titanium
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ions are virtually absent. Therefore, the assumed rate
coefficients for lower ions do not significantly affect the
relative abundances of Ti XVII, XVIII, XIX, and XX, even
though they certainly determine the distribution of lower
ions near the plasma edge. Thus, only the ionization rate
for Ti Xv1, the ionization and recombination rates for Ti
XVII—XX, and the recombination rate for Ti XX were
varied for a best fit to the experimental data.

In the comparison of the simulated results with the ex-
periment, certain criteria were used. The simulated corre-
lations cannot perfectly match the experimental correla-
tions, which are influenced strongly by experimental
noise. Though the exact shapes of the correlations are
different, nodes, maxima and minima were used as indices
for the comparison. The chosen criterion was to match
these index points to within 0.2 msec, which corresponds
to about a 0.3-rad shift. Such a procedure depends mostly
on the accuracy of the measurement of line emission.

The ionization and recombination rate coefficients giv-
ing the best match are listed in Table III. Table III also
shows the diffusion coefficients and convective velocities
used for each plasma condition. Figure 7 shows the corre-
lation functions that are best matched. In Fig. 7 the dot-
ted curves are simulated correlations and the solid curves
are experimental correlations.

The electron temperatures listed in Table III are the
peak electron temperatures at » =0 cm. Since not all ion-
ic abundance profiles are peaking at » =0 cm, the listed
rates in Table III are only more or less representative.
However, the multiplication factors in parentheses are
applicable at all radii. The profiles of Ti XIX and XX are
peaking at » =0 cm for all three conditions. For case III,
profiles of Ti XVII and XVIII are also peaking at r =0 cm.
For case I, Ti XVII and XVIII are peaking at 12 cm
(T,~600 eV) and 9 cm (T, ~700 eV), respectively. For
case II, Ti XvII and XVIII are peaking at 15 cm (T, ~700
eV) and 13 cm (T, ~800 eV), respectively.

TABLE III. (a) Ionization rate coefficients (10~!! cm®sec™!). The numbers in parentheses are mul-
tiplication factors for ionization rates calculated by Lotz’s formula. (b) Recombination rate coefficients
(10712 cm®sec™!). The numbers in parentheses are multiplication factors for calculated recombination
rates. (c) Transport parameters used in simulations.

Plasma
conditions T, (eV) Ti XvII Ti XVIII Ti XIX Ti XX
(a)
I 900 5.5 (1.2) 3.2 (1.2) 1.4 (1.0) 0.8 (1.4)
11 1100 7.7 (1.2) 4.5 (1.2) 2.0 (1.0) 1.0 (1.2)
III 600 2.5 (1.2) 1.4 (1.2) 0.6 (1.0) 0.3 (1.4)
(b)
I 900 2.8 (0.8) 6.9 (0.8) 7.0 (0.8) 5.6 (0.8)
II 1100 2.2 (0.8) 5.6 (0.8) 5.8 (0.8) 4.6 (0.8)
111 600 7.0 (1.2) 14.1 (1.1) 13.0 (1.0) 9.6 (1.0)
(c)
Plasma Diffusion coefficient Convective velocity
conditions (10* cm?/sec) (10° cm/sec)
1 1 1
I 1.5 1
III 1.2 0.8
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FIG. 7. Best matched normalized correlations ( y axis) for cases I—III.

V1. SENSITIVITY ANALYSIS

In order to assess the validity of this method for deter-
mining of effective ionization and recombination rate
coefficients, several questions must be addressed. Can the
rate coefficients be uniquely determined? How accurately
can they be determined? How important is the effect of
transport? Do the diffusion coefficient and convective
velocity have to be known exactly? How does the uncer-
tainty in the electron temperature measurement affect our
result? These questions can be answered by a sensitivity
analysis of the variation of the various parameters. The
sensitivity analysis was done for case I.

A. The rate coefficients

The search for a set of rate coefficents that matches our
measurements was subject to the criterion that the mea-
sured rate coefficients should not be too different from
values of the ionization rate predicted by Lotz’s
semiempirical formulas'® and the predictions of Refs. 35
and 19 for radiative and dielectronic recombination.
Within this limited parameter space (with multiplication
factors from 0.3 to 3) there are no other acceptable sets of
coefficients.

To estimate the sensitivity of the analysis, the influence
of rate coefficient variations on the correlation was stud-
ied. Figures 8 and 9 show the simulated correlations for
different sets of rate coefficients. In Fig. 8, (a) the ioniza-
tion rates for all ions are increased by 30%, (b) the recom-

bination rates are increased by 60%, and (c) both ioniza-
tion and recombination rates are increased by 40%. In
Fig. 9, (a) the ionization rates are reduced by 30%, (b) the
recombination rates are reduced by 60%, and (c) both ion-
ization and recombination rates are reduced by 40%. In
both Figs. 8 and 9, the solid curves are the best matched
correlations. The most significant changes occur when
the ionization rates are varied [Figs. 8(a) and 9(a)]. The
error of the ionization rate can be estimated to be less
than 20%. The correlations are less sensitive to variation
of recombination rates [Figs. 8(b) and 9(b)]. The recom-
bination rates can only be determined to be within +60%.
Figures 8(c) and 9(c) indicate the range over which abso-
lute values of the rate coefficients may vary while keeping
their relative values unchanged. However, the variation
of correlations in Fig. 8(c) and 9(c) are mostly due to
change of ionization rates.

Changes of rate coefficients for individual ion species
can also result in differences in the correlations. Such a
change tends to affect the corresponding ion itself and its
adjacent ions. The correlation is less sensitive to the
recombination rate coefficient for Ti XXI and ionization
rate coefficients for Ti XvI. The recombination rate coef-
ficient of Ti XXI was varied by 50% or more with only a
small change in the correlations. This can be explained by
the fact that this recombination rate coefficient
(~2x107"2 cm*sec™! at 900 eV) is much smaller than
the rate coefficients of other ions (see Table III). Any
reasonable change in the recombination rate for Ti XXI
mostly produces a change in the total abundance of the
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FIG. 8. Variations of the normalized correlations (y axis). (a) All ionization rates are increased by 30%. (b) All recombination
rates are increased by 60%. (c) Both ionization and recombination rates are increased by 40%.

lower ions which can adjust their relative abundances on a
much faster time scale. Increasing the ionization rate
coefficients for Ti XVI by 50% or more did not change
the correlations either. This is because Ti XVI is much
less abundant so that an increase of its ionization rate
does not affect the abundance of the other ions signifi-
cantly.

B. The effect of transport
Impurity transport is very important for the calculation
of radiative energy losses from fusion plasmas. It has
been shown that internal disruptions can greatly reduce
the concentration of impurities near the center of a
tokamak plasma.?*3¢ Inward convection, however, in-
creases the confinement time of impurity ions.’” No ap-
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preciable effects that may be associated with the uncer-
tainties in the appropriate values of the diffusion coeffi-
cients and the convection velocity were found in our ex-
periment. The effects of the assumed transport on the
simulated correlations can be seen by varying the dif-
fusion coefficient and the convective velocity. Figure 10
shows the correlations for diffusion coefficients of 5% 10°
and 2Xx10* cm?/sec, with corresponding changes in the
convective velocity to keep the ratio ¥(a)/D unchanged.
The convective velocity was varied from 100 to 2000
cm/sec with fixed diffusion coefficient. The results are
shown in Fig. 11. Figure 12 shows correlations with the
diffusion coefficient varied from 5000 to 20000 cm?/sec,
while the convective velocity was 10° cm/sec. In Figs.
10—12 the solid curves are the best matched correlations.

As can be seen from Figs. 10—12, the correlation of Ti
XVII is most affected by the lowering of the diffusion
coefficient. The correlations of all jons are insensitive to
the variation of convective velocity and increase in the
diffusion coefficient. The results indicate that for ions
that are abundant at small radius, Ti XX, XIX, and possi-
bly XvIII, the atomic processes dominate the transport
process. Ti XVII, which exists at larger radius, is more af-
fected by diffusion. With small diffusion coefficient, Ti
XVII is less abundant near the center of the plasma where
atomic processes are most effective. The convective velo-
city does not have much effect on the correlation because
of its linear dependence on the radius . Since most of the
ions concentrate at small radius (r < 15 cm), the value of
convective velocity is also small.

The results show that the transport, except for possible
anomalous effects (see Sec. VII), is not critical for the
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analysis, if the transport coefficients are known to be
within a factor of 2. Such a limitation is consistent with
the sensitivity of the method with respect to the rate coef-
ficients.
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C. The effect of the amplitude
of electron temperature variations

The amplitude of the simulated temperature fluctuation
has been varied from 2—20 % of the average to check for
any difference in our results. As expected, the amplitudes
of modulation of line emissions are different, as the am-
plitude of the T, variation changes, but the normalized
correlation functions remain unchanged. This may be ex-
plained by the fact that the assumed rate coefficients are
almost linear functions of 7, at T, =900 eV.

This situation is advantageous because while the varia-
tion of electron temperature can be inferred from the
soft-x-ray signal its amplitude cannot because the sensi-
tivity of the detector is difficult to calibrate. Ideally,
single-shot multipoint Thomson scattering or a tunable
electron cyclotron radiometer would provide a better esti-
mate for the variation in central electron temperature.
However, such measurements are difficult and errors in
measurements may be comparable with AT,.

The average electron temperature in the simulation was
varied with the result that the average electron tempera-
ture must be known within 50 eV. This is, however, about
the accuracy of the Thomson scattering measurement.

VII. DISCUSSION

The ionization rate coefficients we have obtained are
about a factor of 1.2 larger than the values calculated by
Lotz’s formula. A comparison with Younger’s calcula-
tion, for lithiumlike Ti XX (Ref. 38) and berylliumlike Ti
X1x,% also shows that our values are a factor of 1.2 larger.

The explanation for a possibly higher ionization rate can
be twofold. Underestimation of ionization cross sections
at threshold can reduce the theoretical values, because the
electron temperature is near or less than the ionization po-
tential of the ions. Other processes such as inner-shell ex-
citation followed by autoionization*® and double ioniza-
tion*! can also increase ionization cross sections. Though
these effects are negligible at 600—1100 eV, they can
enhance the ionization rates in the presence of a high-
energy tail in the electron velocity distribution. However,
our method for matching the correlations is sensitive to
the variation of ionization rates to within 20%.

The experimental recombination rates are within 20%
of the theoretical values. For all ions, except Ti XXI, the
dielectronic recombination is the dominant process. Thus,
Burgess’s formula for dielectronic recombination rates is
suitable for these ions. A possible explanation for lower
values of experimental recombination rates is the overes-
timation of the probability of stabilizing radiation. Au-
toionization from levels of the cascading process can
reduce the recombination rates.* A comparison of our
measurement with the calculation of McLaughlin and
Hahn*® shows the recombination rates agree well for Ti
xX. However, for Ti XI1X the calculation is a factor of 2
larger than our measurement. Since our method is not
sensitive to the recombination rate for Ti XXI, one should
use the theoretical radiative recombination rate for this
ion.

Any effects of large anomalous diffusion during the
sawtooth crash (see Sec. II) were neglected in our analysis.
However, we found that the fit could be improved for
condition III, if the diffusion coefficient was increased by
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TABLE 1V. Atomic data used in Burgess’s formula.

Oscillator

Ion Transition Wavelength ( A) strength® An
Ti XXI 152('Sy)-1s2p('Py) 2.6101 7.35[—1] 1
-1s3p('Py) 2.23 1.41[—1] 2

Ti XX 25(28,2)-2p(*P, ;3) 309.15 2.12[—2] 0
2p(2P;,) 259.30 5.86[ —2] 0

3p(2Ps ) 15.253 1.25[—1] 1

3p(2Py ) 15.211 2.43[—1] 1

-4p(PPy,23,) 11.452 4.0[—1] 2

-Sp(PPy,23) 10.278 4.0[—2] 3

-6[)(2P1/2‘3/2) 9.733 211[—2] 4

-7p(2Px/2’3/2) 9.434 124[ ~2] 5

-8p(*Py23,2) 9.246 770 -3] 6

Ti XI1X 25%(1S,)-252p('Py) 169.59 1.75[ —1] 0
252p(3P)) 328.36 6.6] —4] 0

-253p('Py) 15.866 6.4[—1] 1

Ti XVIII 2p (*P3,,)-252p%(*Ds 5) 200.18 1.2[=3] 0
-252p*(*Ds ) 197.838 4.0[ —2] 0

-252p%S,,5) 161.97 1.2[-3] 0

-252p%(%P, ) 147.607 4.07[ -2] 0

-252p%(?Py 0) 144.759 9.89[ —2] 0

-252p%(*P, ) 397.6 7.7 -5] 0

-252p%(*P; ;) 363.7 4.7[ —5] 0

-252p%(*Ps ) 330.6 3.5[—4] 0

-2523s(2S, ) 18.38 2.0[-2] 1

-25%3d(2D) 17.39 2.0[—2] 1

-2523d(®Ds ;) 17.36 0.58 1

-25%45(2S, ) 13.45 4.3[-3] 2

2p(*P,,1)-252p*(*D3 5) 179.902 6.11[ —2] 0

-252p%(’S, 1) 148.438 8.37[—2] 0

-252p%%P, ) 136.28 1.41[ 2] 0

-252p*(*Ps ;) 133.852 2.77[-2] 0

-252p*(*Py ) 324.9 3.0[ —4] 0

-252p*(*Ps ) 301.9 1.2[—5] 0

25235 (%S, 5) 18.19 2.0[ —2] 1

-25%3d(*D; ;) 17.22 6.5[—1] 1

254528, ) 13.35 4.5[—3] 2

a factor of 5 during the crash of the sawtooth oscillations.
This is not true for the other two conditions. Conditions I
and II have worse fits when the diffusion coefficient is in-
creased during the declining phase.

Since the amplitude of the sawtooth oscillations of con-
dition III is larger than for the other two conditions, it is
conceivable that the anomalous diffusion exists only for
this condition. Although such anomaly in the transport
processes may affect the line emission time history, we
think it only plays a minor role as already shown in our
analysis.

ACKNOWLEDGMENTS

We wish to thank K. W. Gentle, TEXT Director, for
his cooperation during this experiment; R. V. Bravenec,

Burton Richards, and Kjell Nelin for operating TEXT; P.
E. Phillips for Thomson scattering data; D. M. Patterson
for provision of data acquisition and archiving; and the
members of the TEXT Technical Staff for assisting in set-
up. This work was supported by the U.S. Department of
Energy.

APPENDIX: DIELECTRONIC RECOMBINATION
RATE COEFFICIENTS

The dielectronic recombination rate coefficients for ti-
tanium ions are calculated by Burgess’s formula!®

a®=2.4X10"°%(kT,)~3"?B(z)
X 3 fiyA(x)exp(—E/kT,) ,
j
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TABLE 1V. (Continued).

Oscillator
Ion Transition Wavelength (A) strength® An

Ti XVII 2522p%(3P,)-252p*(°D,) 191.16 4.8[ —4] 0
-252p3(°D,) 190.17 5.0[—5] 0
-252p3(°D;) 188.312 3.9[ 2] 0
252p3CP)) 159.955 8.5[ —3] 0
-252p3(3P,) 158.469 5.1[=2] 0
-252p3(3S)) 127.782 6.8[ —2] 0
-252p3('D,) 126.676 7.2[ —3] 0

25%p*°S,) 364.0 1.6 —4] 0
2s2p2(*P,)-252p3(°D,) 182.072 5.5[—2] 0
-252p%CDy) 181.67 6.3[ —3] 0
-252p3(3Py) 154.133 1.94] —2] 0
-252p°C3P)) 153.554 3.00[ —2] 0
252p3(3P,) 152.174 6.0[ —3] 0
-252p3C’S)) 123.654 5.2[—2] 0
-252p3('P)) 109.432 3.9[ —3] 0
-252p3(°S,) 3324 1.6[ —4] 0
2522p*(Py)-252p*(*D) 172.380 8.6[ —2] 0
-252p%CP)) 146.856 3.68[ —2] 0
-252p3(’S)) 119.284 5.1[—2] 0
252p4('Sp)-252p3('P)) 142.589 1.23[—1] 0
25s2p%('D,)-252p3('D,) 141.948 1.17[—1] 0
-252p3(3Dy) 227.57 2.9[—4] 0
-252p3(’Dy) 224.16 3.4[ —3] 0
-252p°C3P)) 185.1 6.0[ —4] 0
-252p%C3P,) 183.11 5.6 —4] 0
-252p3s('P)) 19.718 42[—2] 1

*The negative integers give the power of 10 of the multipliers of the numbers listed.

where
E=AE;;/a,
a=140.01523/(z +1)?,
B(2)=[z"Xz 4+1)*?]/(z*+13.4)'/%
A(x)=x'?/(140.105x +0.015x?) ,
x=AE; ;/Iy(1+2) .

Here AE; ; and f; ; are the excitation energy and oscilla-
JoJ Jjod

tor strength. Iy is ionization energy of hydrogen atom
and z is charge of the recombining ion. However, if the

ground configuration has more than one level (i.e., Ti
XVIII), one has to average AE and f over the ground lev-
els. We assume that in our calculation the ground levels
are populated according to their statistical weight g;.
Such an assumption may not be true when the radiative
transitions between ground levels have rates comparable
to the collisional excitation rates. For An=£0,** we use

A(x)=0.5x12/(140.210x +0.030x2) .

The transitions and their oscillator strengths** that we
have used to calculate the dielectronic recombination rate
coefficients for Ti XvVII—TiXXI are listed in Table IV.
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