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Time-resolved measurements of Ti XX1-TiXIX x-ray line spectra from an ohmically heated plasma
with neon puffing in the JIPP-T-II-U tokamak were made with a high-resolution crystal spectrome-
ter. The spectral data were analyzed by the use of a collisional radiative model which includes the
cascade contributions from highly excited states as well as the recombination processes. We have
fitted the observed spectra with synthetic calculations taking all the possible lines into account. From
the intensity ratios of the satellite lines to the resonance line, the electron temperature T, was ob-
tained every 20 ms. The result indicates that the plasma is in an ionizing phase at the beginning,
reaches nearly an equilibrium around 80 ms, and then turns into a recombination phase, thereafter
following the decrease of the electron temperature. The observed intensity ratios I /I, and I, /I,
were always found to be more than twice as large as the theoretical ones. The discrepancies in-
creased in the later period of the plasma after T. decreased, in contrast to the result by Bitter et al.
[Phys. Rev. A 32, 3011 (1985)], who found large discrepancies in the early phase of the discharge
when T, was low. However, the experimental data of I, /I, are in good agreement with calculations
when we include the inner-shell ionization of Li-like ions. We investigated the contribution of ion-
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ion charge-exchange processes on the ion abundances and the line intensities.

I. INTRODUCTION

Spectra of He-like ions have been widely used for the
diagnostics of high-temperature plasmas.! The spectrum
of He-like titanium ions was observed in the PLT (Ref. 2),
TFTR (Ref. 3), Doublet III (Refs. 4-6), and ASDEX
(Ref. 7) tokamaks, as a fair amount of titanium arises
from titanium gettering and titanium carbide limiters.
The observed line intensity ratios of I, /I, and I, /I, for
TFTR were larger than the predicted values at T, < 1.2
keV.}> Measurements of He-like titanium spectra from
ohmically heated Doublet III tokamak plasmas showed
reasonable agreement with theoretical values for
G=U,+1,+1,)/1, but smaller values for
R =1I,/(I, +1,), due to a smaller value of I, than found
in theory.* In contrast to these results, the observation of
titanium spectra during electron cyclotron heating of
Doublet III always showed smaller values for G and R
than those obtained for the ohmically heated plasma.’
Especially, the R value was smaller, by two orders of
magnitude, than the calculated one.

In this paper, we present a spectral analysis of high-
resolution measurements of TiXxX1-TiXIX x-ray spectra
produced in an ohmically heated JIPP-T-II-U tokamak
plasma. The line intensities measured were analyzed by
use of a collisional radiative model of He-like ions. The
comparison with theoretical spectra showed discrepancies
for I, /I, and I, /I,. The observed values were found to
be higher than the calculated ones, and the discrepancy
was greater at the later phase of the plasma, in contrast to
the result of Bitter et al.,> who gave larger values of
I,/I, and I,/I,, particularly in the early phase of the
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discharge with low electron temperatures 7,. A large
discrepancy was found at low temperatures in both exper-
iments.

We have found that the effect of the inner-shell ioniza-
tion of I, is considerable in all phases in our measure-
ment. The possibility of an ion-ion charge-exchange pro-
cess is discussed to explain the discrepancies between pre-
dictions and experiments at the later period.

The contributions of cascades and recombination pro-
cesses are described and the atomic rate coefficients are
compared in Sec. II. The spectral components are ex-
plained in Sec. III. The experimental apparatus and the
plasma parameters are described and the observed spectra
are analyzed in Sec. IV. The intensity ratios for He-like
ions are analyzed and discussed in Sec. V. Contribution
of charge exchange between titanium ions and neon ions
on ionization states and line intensities are investigated in
Sec. VI. A summary of the results and discussions are
presented in Sec. VII.

II. ATOMIC PROCESSES

The schematic energy-level diagram for prominent lines
is shown in Fig. 1 with their keys. Arrows with solid and
dashed lines indicate the transitions by electron collisions
and the radiative transitions, respectively. The cascade
contribution from higher excited levels is important for
the lines such as I, in an ionizing plasma as well as for
those in a recombining plasma.

The line intensities of He-like ions are calculated by the
computer code of a collisional radiative model which in-
cludes 60 levels up to n =20. The cascade contributions
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FIG. 1. Schematic energy-level diagram from prominent lines
of TixxI1, Ti XX, and TiXIX ions. Arrows with solid and dashed
lines indicate the transitions by electron collisions and the radia-
tive transitions, respectively.

of highly excited states and the recombination of H-like
ions are calculated with this model. Atomic data pub-
lished by Bely-Dubau et al.? are used for the direct exci-
tation rate coefficients of Ti xx1 (1'S-2°L) and for Li-like
satellite lines 1s%2/-1s2In’l"” with n'=2,3,4,5 and n'>6
by dielectronic recombination and by inner-shell excita-
tion. For dielectronic Be-like satellite lines, 1s22lnl’-
1s2121"nl"" with n =2,3,4, the data by Bitter et al.> are
used. The inner-shell ionization which contributes to z is
calculated by the Lotz® formula. Other atomic data used
in this code are described in Fujimoto and Kato,’ and this
code has been successfully used to interpret a solar plas-
ma,'® a laser-produced plasma!! and a 6-pinch plasma.’
The data for transition probabilities for n =2 are taken
from Ref. 12 and those for n 23 are scaled with the data
in Ref. 13, as discussed in Ref. 9.

The effective excitation rate coefficients and recombina-
tion rate coefficients for x, y, z, and w calculated by our
code are compared with the results of Ref. 3 in Fig. 2.
The effective excitation rate coefficient is the production
rate of spectral lines by TiXXI, including cascade contri-
butions. The effective excitation rate coefficient for z is
smaller than that of Ref. 3 by a factor of 1.8, although
those for x and y agree with each other within 10%. The
disagreement between the effective excitation rates for z is
not regarded as due to the resonances, which are not tak-
en into account by us but by Bely-Dubau et al.,> because
the increase of the direct excitation rate coefficient by res-
onances is only 20% at 3x 10" K for Fexxv 1s2s3S.'4
The reason for the disagreement is that they omitted two-
photon decay in their calculation.!* Their revised values
are about 20% larger than ours. The effective recombina-
tion rates agree within 20%, as shown in Fig. 2.

As the cascade contribution is important for I,, the
effective excitation rate coefficients for T,=1.7 keV are
tabulated in Table I along with the direct excitation and
the cascade contributions. The contribution of cascade
for I, from n =2,3 and n > 3 are 41%, 23%, and 8%, re-
spectively.
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FIG. 2. (Effective excitation and recombination rate
coefficients. Solid and dashed lines indicate the effective excita-
tion and recombination rate coefficients, respectively. Thick
curves show our results, whereas thin curves are those from Ref.
3. The value of I, in Ref. 3 is overestimated as they did not in-
clude the two-photon decay (2!S-1'S), and their corrected value
is 20% larger than ours (Ref. 15).

The contribution of recombination is effective at low
temperatures’ !¢ because the excitation rate coefficient
decrease very rapidly at the temperature decreases. The
effective recombination rate coefficient for w is larger than
the effective excitation rate coefficient C,, at T, < 1.5 keV.
These effective rate coefficients are calculated including
radiative cascades from higher levels by a collisional radi-
ative model mentioned above. In the low-temperature
range, the radiative recombination is important for all the
lines, but the dielectronic recombination becomes dom-
inant for w at T, >1 keV. That is why the temperature
dependence of the recombination rate for w is weaker
than those for x and y at high temperatures.

In a recombining plasma, the n =2 levels are populated
considerably by cascades from higher levels. Because the

TABLE 1. Effective excitation rate coefficient (cm®*s—!) at 1.7
keV. Values in brackets denote power of ten.

Cascade from

Total Direct n=2 n=3
1, 5.4[—13] 5.3[—13] 1.3[—14]
I 9.7[— 14] 1.3[—13] —4.1[—14]) 8.1[—15]
I 1.0[—13]  9.4[—14] 7.2[—15]
I, 1.6[—13] 4.5[—14] 6.6 — 14] 3.6[— 14]
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TABLE II. Effective recombination rate coefficient (cm®s™!) at 0.5 keV. Values in brackets denote

power of ten.

Cascade from

Total Direct n=2 n=3 n=4
L, 6.1[—13] 2.3[—13] 1.1[—13] 4.7[—14]
I 7.6[—13] 2.7[—13] 1.2[—13] 8.9[— 14]
I, 6.7[—13] 2.4[—13] 1.0[—13] 7.4[—14]
L 1.8[—12] 6.8[—13] 1.3[—13] 3.0[—13] 2.3[—14]

radiative transition probability to the ground state 1ls
from an excited triplet state n °L is very small due to the
spin change transition, compared with those to 2 3L, the
n =2 levels, especially the z level, are populated. This
phenomenon was observed in an Alcator tokamak plas-
ma!” where strong (I +1,+1,)/1, was measured in the
periphery. For example, the cascade contributions to I,
from n =2, 3, and 4 levels are 7%, 17%, and 1%, respec-
tively. The emissivities by recombination processes for
the lines of w, x, y, and z are shown in Table II at
T.=0.5 keV. The contributions of the direct recombina-
tion and of the cascade from n =2, 3, and 4 levels are
also shown. The cascade contribution from the level n in-
cludes the indirect cascades

Sa(nl)B(nl,n'l")B(n'l',21")B(21",118)
where a(nl) is the direct recombination rate and
B(nl,n'l'Y=A,(nl,n'l') /2 A, (nl,n"l")

is the branching ratio from level nl/ to level n'l’. The
direct cascade contributions a(2/)B (2/,1'S) are shown in
parentheses. It is seen that the cascades from higher lev-
els are very important for the line intensities. The values
of Table II can be considered as the emissivities by recom-
bination from the H-like ground state.

III. SPECTRAL COMPONENTS
OF Ti xx1 SPECTRA

The relative photon counts of these lines are calculated
taking the energy resolution (AE/E =0.00058) and as-
pect correction into account, as given in Fig. 3(a). The as-
pect correction will be explained in Sec. IV. The electron
temperature of 1.7 keV and the ion ratios
n(Li)/n(He)=1.1 and n(Be)/n(He)=0.5 are assumed in
this case. Figure 3(b) shows the line intensities w, x, y,
and z produced by the excitation of the He-like ground
state. The cascade contributions of higher levels are in-
cluded as explained in Sec. II. The forbidden line z is
enhanced through the cascade of 2 3P-23S by 40% in the
low-density region where n, is less than 10'® cm~3. Fig-
ure 3(c) shows the Li-like satellite lines produced by the
dielectronic recombination of He-like ions. The peak at
the shortest wavelength represents the unresolved satel-
lites of n 24. This intensity is about 20% of that of w
produced by direct excitation in this case. The second
peak is due to n =3 satellites (d7, d13, etc.) which appear
on the longer-wavelength side of w. A peak ¢ represents
the n =2 dielectronic satellite and lies between x and y.

This is considerably strong and is also produced by the
inner-shell excitation of Li-like ions as shown in Fig. 3(d).
Pure dielectronic satellite lines k and j are useful to deter-
mine the electron temperature from I /I, and I;/I,.
The satellite lines due to the inner-shell excitation of Li-
like ions (r,q,t) and of Be-like ions (3) are shown in Fig.
3(d). The component z produced by the inner-shell ion-
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FIG. 3. Spectral component of Ti spectra for
n(Li)/n(He)= 1.1, n(Be)/n(He)=0.5, and T.=1.7 keV. (a) Total
synthetic spectrum (solid line) and aspect correction (dashed
line). (b) He-like lines excited from the ground state. (c) Li-like
dielectronic satellite lines. (d) Satellite lines by inner-shell excita-
tion of Li-like ions (¢, g, r, etc.) and Be-like ions (B), and by
inner-shell ionization of Li-like ions (z). (e) Be-like dielectronic
satellite lines.
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ization of Li-like ions is also shown. The dielectronic sa-
tellite lines of Li-like ions due to the transitions 1s22/nl’-
1s2p2!1"nl’"" (n =2,3,4) are shown in Fig. 3(e). Transi-
tions with n =2 give strong intensities on the longer-
wavelength side of 8. The wavelengths of two strong
peaks are 2.6475 A (152252p *P,~152s2p°D,) and 2.6499
A (152252p 3P,-15252p?3D3) after Ref. 3. They are indi-
cated by the symbols b1 and b2, respectively. The total
convoluted spectrum is shown in Fig. 3(a).
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IV. EXPERIMENTAL RESULTS
AND SPECTRAL ANALYSIS

The measurement of titanium-ion spectra was per-
formed for an ohmically heated JIPP-T-II-U tokamak
plasma, in which hydrogen was filled at the initial
discharge and at 45 ms thereafter a large amount of neon
was introduced (referred to as neon puff) to increase the
electron temperature; the increased effective charge Z .4 by
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FIG. 4. (a) Observed spectra (points) and calculated synthetic spectra (solid lines) in 20-ms intervals from an ohmically heated plas-
ma of JIPP-T-II-U discharge with neon puffing. The contributions of inner-shell ionization are hatched. The electron temperature 7.
and the ion ratios obtained by spectral fittings are given. (b) Observed and calculated spectra from ohmically heated plasma with hy-

drogen puffing.
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neon puff enhances the ohmic heating rate. The plasma
was generated in a torus with a major radius of R =0.91
m and a minor radius of @ =0.27 m. The duration of
such a plasma was about 150 ms. The averaged electron
density n, obtained by the microwave interferometer in-
creased gradually until the plasma was disrupted. The
relative electron temperature obtained by electron cyclo-
tron emission (ECE) increased up to 80 ms and decreased
thereafter. For comparison, the discharge by puffing hy-
drogen instead of neon was performed with approximately
the same time history of the electron density.'®

The instrumentation used in this experiment was a
Johann-geometry Bragg crystal spectrometer. A curved
quartz crystal cut along the (2023) plane with a 2d spac-
ing of 2.749 A diffracted and focused x rays onto a
position-sensitive delay-line gas proportional counter with
a spatial resolution of £150 um. The resolving power of
this instrument was A/AA~1700. The observed wave-
length range was restricted by the field of view through
the viewing port. The aspect correction was carried out
by a ray tracing and is shown in Fig. 3(a) by a dashed
line. The background counts in the experiment consist of
the x-ray continuum diffracted by the crystal in propor-
tion to the aspect and the general background which gives
an intensity independent of the channel. A detailed
description of this spectrometer is given in Ref. 19. The
spectra obtained in 20-ms intervals are shown in Fig. 4(a).
The calculated spectra are compared with the observed
ones, normalizing the flux of w.

Comparison between the calculations and observed
spectra has been made by the following procedure. As a
first step, 7, is obtained by the spectral fitting of I,,, the
associated Li-like satellite lines with n 23, and the satel-
lite lines k& and j. After determining T,, the ion density
ratios n(Li)/n(He) and n(Be)/n(He) are obtained from the
intensity ratios ¢ /w and f3/w, respectively, as a second
step. Here, n(He), n(Li), and n(Be) indicate the densities
of He-like, Li-like, and Be-like titanium ions, respectively.

We have obtained 7T, and ion abundances for the data
accumulated every 20 ms by fitting the whole spectra ex-
cept x, y, and z, as shown in Fig. 4(a). The ion ratios
n(Be)/n(He) and n(Li)/n(He) decrease with time until 80
ms. For I, the contribution of the inner-shell ionization
of Li-like ions is found to be important, as shown by
hatched regions. This implies that the plasma is ionizing
in the initial stage. In the later stage 80—100 ms, the ion
ratios increase, thus indicating that the plasma is recom-
bining. In this stage the agreement between the experi-
mental and calculated spectra is poorer for I, I, and I,.
After 100 ms no appreciable lines were observed. Ion ra-
tios and 7T, derived from spectral fits are shown as a func-
tion of time, together with the average electron density
obtained by microwave interferometer in Fig. 5.

The spectra obtained for the hydrogen puffing are also
shown in Fig. 4(b) for comparison. The electron tempera-
ture measured by ECE calibrated by Thomson scattering
increased to 1 keV at about 50 ms and was kept almost
constant. X-ray line features are not conspicuous after
140 ms. The spectrum during 120-140 ms is considered
to be the one expected in a phase of recombination, corre-
sponding to that of 80—100 ms in the neon puffing case in
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FIG. 5. Time dependences of the ion ratios, n(Li)/n(He) and
n(Be)/n(He), the electron temperature, and the average electron
density. The arrow shows the time when neon gas puffing be-
gins.

Fig. 4(a). The observed values for I, /I, and I,/I, do
not show large discrepancies from the calculated values.
The electron temperatures derived from spectral fits are
indicated in Fig. 4(b).

V. INTENSITY RATIOS OF He-LIKE IONS

As we have seen in Fig. 4(a), large discrepancies be-
tween theory and experiment are found for I,/I, and
1,/1,, especially in the later period of the plasma. We
plot the time evolution of the observed intensity ratios for
I./L,, L/I,, I./I,, and G=WU,+I,+1I,)/1,,
R =1, /(I +1,), along with the electron temperature T,
and the ion ratios n(Li)/n(He) in Fig. 6. The contribu-
tions from the satellite j to the forbidden line z can be es-
timated from the synthetic spectrum, e.g., 7% for 1.7 keV
and 13% for 1 keV at the peak position of I,. The contri-
butions are subtracted to obtain I,. The theoretical curves
for the purely ionizing plasma (solid lines denoted as I)
and the purely recombining plasma (dashed lines denoted
as R) are obtained from Fig. 2 and represented by solid
and dashed lines, respectively. The calculated values of
I, include the unresolved satellite lines of n =4. The ex-
perimental values of I, /I,, and I, /1,, are always twice or
more larger than the theoretical ones for excitation and in
approximate agreement with those for recombinations in
80-100 ms.

To I, the radiative transition 23§-1'S, following the
inner-shell ionization of Li-like ions, gives a considerable
contribution. The theoretical values of I,/I, including
this contribution are given by the dashed-dotted lines in
Fig. 6. The observed values of I, /I, for t <80 ms are in
rough agreement with the theoretical ones, including the
contribution of inner-shell ionization.

The discrepancies observed for I, and I, could be ex-
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FIG. 6. Time dependences of the intensity ratios I./l.,
L/1,, I./I,, G=Ux+I,+1I.,)/I,, and R =I,/(Ix+1,), the
electron temperature, and ion abundances. The solid and dashed
lines indicate the theoretical values for the purely ionizing (I)
and purely recombining (R) plasma, respectively. The theoreti-
cal values, including inner-shell ionization process, are given by
the dashed-dotted lines. The hatched area represents the G
values obtained from the n(Li)/n(He) dependence given in Ref. 3.

plained by taking a contribution of recombination into ac-
count. However, this results in a large discrepancy for I,
as one sees for R in Fig. 6. This comparison demon-
strates that the I, + I, observed is too strong.

A similar discrepancy was observed by TFTR experi-
ment.> Bitter et al. claimed that the difference between
the experimental value of G, G, and theoretical value
Giheory Was found proportional to n(Li)/n(He). Using
their empirical relation corrected for the theoretical value
of I, as described in Sec. II, we denote G, by a hatched
zone in the upper right panel of Fig. 6. A large
discrepancy found in ¢t =40-60 ms leads us to conclude
that their empirical relation does not hold in our experi-
ment.

Without explicitly using n(Li)/n(He) we derive the elec-
tron temperatures from I,/I; and I,/I;, since they de-
pend only on the temperature in an ionizing plasma.?
Disagreement of the derived temperature indicates a pop-
ulation mechanism other than excitation and inner-shell
ionization on z, such as suprathermal electrons and/or
recombination. The data in ¢t =80-100 ms indicate the
additional population mechanism. A possible contribu-
tion of suprathermal electrons cannot explain the data in
t =40-60 ms, since I, is too strong compared to I.

If the theoretical values of I, for excitation and recom-
bination were smaller than those given in Fig. 6, we

would resolve the discrepancies by an appropriate mixture
of contribution of excitation and recombination. Since an
appreciable fraction of I, arises from 2°P-23$ transitions,
we try to modify the branching ratios for these transi-
tions. However, no improvement results, but this would
modify the theoretical ratio I /I, unless the two branch-
ing ratios were equally reduced.

Since no reasonable explanation has been found for the
line intensity ratios, we ask ourselves if neon puffed in the
course of operation influences plasma properties. This is
also needed to understand a high value of n(Li)/n(He) in
the later stage and the vanishing x-ray emission after 100
ms.

VI. ION-ION CHARGE EXCHANGE

Neon puffing began at 30 ms from discharge as shown
by an arrow in Fig. 5. The increase in the electron densi-
ty shown in Fig. 5 is considered to be due mainly to neon
continuously puffed thereafter. At around ¢ =80 ms the
neon density is on the order of 10% of the hydrogen den-
sity. Hence charge-exchange processes play an important
role in changing the ionization state of titanium, particu-
larly after 80 ms when the density of neon ions becomes
appreciable. The ion-ion charge-exchange processes have
been only poorly studied thus far in comparison with
ion-atom charge-exchange processes. The nl distribution
resulting from ion-atom collisions has just begun. Hence
the results in this section are inevitably qualitative. We
here refer to the charge-exchange cross sections calculated
by Bazylev and Chibisov.2! Following their method we
obtain the cross section for titanium ions and neon ions;
the cross section for Ti?®* 4 Ne’*-Ti""*(n =4) + Ne*
is calculated to be 7Xx 10~ ' cm? at a relative velocity
v =0.06 a.u., for example. Hence the recombination by
charge exchange contributes more than electron recom-
bination if the density of Ne’* exceeds 1% of the electron
density in the temperature range under consideration.
The dependence of the charge-exchange recombination
rate coefficient on temperature is weak.

A. Ionization states

We first show that the charge-exchange process plays a
role in the time evolution of ion abundances. Generally,
the tokamak plasma is not in an ionization equilibrium.
We calculate a time evolution of titanium-ion abundances,
taking into account the variation of the electron tempera-
ture as a function of n,t* (cm~>s) with the method
developed by Masai.?? Here, t* is the effective ionization
time introduced by Masai,>®> which is defined as
dt* =dt(1 + dt /dt;)~}, corresponding to the transforma-
tion between the Lagrange and Euler versions, taking into
account of the effect of  transport. Here,
1/ty=D /(LtLy), where D is the diffusion coefficient and
Lr and Ly are the temperature and density scale lengths,
respectively. The value ¢z, is taken to be ~5x 1072 for
the diffusion coefficient D =7500 cm?s~! to fit well the
experimental result. The varying electron temperature de-
rived from the line intensity ratios is shown in Fig. 7 by a
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FIG. 7. Ion abundances for Ti ions vs n.t*. The experimental ion abundances normalized to that of the He-like ion are compared.
The electron temperature is shown by a dashed line. The dashed-dotted lines are the ion abundances for the case where T, is constant
after its maximum. The dotted lines show the results without the ion-ion charge-exchange process.

dashed line. The ion abundances are calculated taking
into account the electron impact ionization and recom-
bination for the period before 80 ms. The calculated re-
sult reproduces time variations in the observed ion ratios.
For instructive purposes, we also show the ion abun-
dances if T, is constant after reaching its maximum
(dashed-dotted lines). It is clear that the plasma does not
reach an ionization equilibrium until 7,¢* =102 ¢cm3s.
Figure 7 demonstrates that the ionization process dictates
the ion abundances in the ionizing phase until ~80 ms
and the recombination takes place thereafter.

After 80 ms, the charge-exchange recombination with
neon ions such as Ti?®" 4+ Ne? t-Ti'®t +Ne@?+V+ pe-
comes important. This results in the recovery of the
abundances of ions with L-shell electrons, which is not at-
tained by free electron recombination. The recombination
rate coefficients for Ti*'* and Ti*** which are averaged
over the charge states of neon ions are estimated to be
3x 107" em®s~!, which is larger than that by free elec-
tron recombination at temperatures around 7,=1 keV.
Therefore, the ion-ion charge-exchange process plays an
important role in recombination just after a decrease in
T,. The calculated ion abundances in Fig. 7 show rapid
disappearance of He-like, Li-like, and Be-like ions after 90
ms due to recombination. This is consistent with the van-
ishing x-ray emission after 100 ms, as shown in Fig. 4(a).
The ion abundances without charge-exchange process are
shown by dotted lines.

B. Line intensity ratios

Charge-exchange processes Ti?!* + Ne? + —Ti®**(nl)
+ Ne'? T+ contribute to a modification of line intensity
ratios. The most probable captured level is estimated to
be n =3 or 4 for highly ionized neon ions. Using the

charge-averaged exchange recombination rate coefficient
(acx)=3x10"" cm?®s~! and the ion ratios of
n(H)/n(He)=0.03 and nn./n.=0.2, where nyne is neon
density and the recombination rate by charge exchange is
found larger than that for free electrons by a factor of 2
and larger than the excitation rate by 60% at T,=1 keV.
At low collision energies, the / distribution depends very
strongly on the energies** and shows a maximum or in-
crease with 1.2 The perturbed stationary state (PSS)
method has shown that the / distribution is strongly
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FIG. 8. A calculated spectrum taking into account the charge
exchange between TiXxXII and neon ions to simulate the observed
spectrum in Fig. 4(a) (80-100 ms). Hatched regions indicate the
contributions of the charge-exchange processes.
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biased towards a certain level above the statistical popula-
tion.”> This phenomenon is also measured in Ne®* + He
collisions.?*

If we assume that the only 3°D or 43F level is populated
by ion-ion charge exchange, these states reach 2°P by ra-
diative transitions, thus producing strong I, and I,. The
observed spectrum cannot be reproduced by the statistical
[ distribution among sublevels. The synthetic spectrum
obtained with {acx(3*D))(nne/n.)=8x10"12 cm¥s~! is
shown in Fig. 8, which is very similar to the observed
spectrum during 80-100 ms [Fig. 4(a)]. The contribu-
tions of the charge exchange are shown by hatched re-
gions. The charge-exchange contribution on I, is due to
the singlet-triplet mixing in He-like ions.?® Although Fig.
8 applies to an extreme case, as we have assumed above,
this demonstrates how the effect of charge exchange
modifies the line intensity ratio. This fact should be taken
into account for plasmas of high impurity concentrations.

By introducing the H-like ions of titanium, I, is pro-
duced by both radiative and charge-exchange recombina-
tion processes. Then the electron temperature derived
from the intensity ratios of the satellite lines to the reso-
nance line produced by He-like ions decreases from 1.0 to
0.8 keV. The ion abundance ratios n(Li)/n(He) obtained
from I,, /1, also change from 1.7 to 3.1.

The observed intensities of the n =3 satellite of the
spectrum obtained during the time interval of 80—-100 ms
are somewhat higher than the calculations, as seen in
Figs. 4(a) and 8, whereas they agree with each other for
40-80 ms. As we do not quite understand why the n =3
satellites are enhanced, electron temperature was derived
using only the n =2 satellites for the third period
(80-100 ms).

VII. SUMMARY AND DISCUSSION

We have analyzed the x-ray spectra of TiXXI by use of
the collisional radiative model of He-like ions. The elec-
tron temperatures are obtained from the spectral fits of
the intensity ratios of Li-like dielectronic satellite lines to
the He-like resonance line [,,. The ion density ratios of
n(Li)/n(He) and n(Be)/n(He) are derived every 20 ms
from the intensity ratios I, /I, and Ig/I,, where I, and
I are produced by inner-shell excitation.

The results thus obtained are summarized as follows.

(1) The plasma is in the ionizing phase at the beginning
until about 80 ms after the beginning of discharge, and
the recombination takes place after 80 ms, following the
decrease of the electron temperature. The charge-
exchange recombination between titanium ions and neon
ions, possibly explains the ion density ratios of

n(Li)/n(He) and n(Be)/n(He) of titanium ions in a later
period (80—100 ms). This rapid recombination process is
responsible for vanishing x-ray emission after 100 ms.

(i) Large discrepancies between the experimental and
theoretical results for I, /1I,, I,/I,, and I, /I, are found
if electrons alone are responsible for ionization, excitation,
and recombination. The observed values of I,/I, and
I, /1, are always larger than the theoretical ones.

(iii) Bitter et al.’ reported the same kind of discrepan-
cies for I, /I, and I, /I, especially at low T, in the early
phase of the discharge. Their claim that the enhancement
of I, and I, is due to the presence of Li-like ions does not
hold in our experiment.

(iv) If the electron captured by charge-exchange recom-
bination of Ti*'" +Ne* T —Ti*®* (nl)4+Ne? *V'* is selec-
tively distributed in the 3’D or 4°F state, I, and I, can be
more enhanced than I,, and thus the observed spectrum
can be qualitatively explained.

(v) The contribution of the inner-shell ionization to I, is
appreciable in our calculation. S, is comparable with CST
at 2 keV and equals 0.23CST at 1 keV. The contribution
of the inner-shell ionization is about 20% at 1 keV for the
ion ratio of n(Li)/n(He)=1.

It would be valuable to investigate the effect of the po-
larization?” which may occur in the excitation by the elec-
tron beam?® and by the charge-exchange reactions® on
the intensity anomaly of I, and I,.

We have discarded spatial distribution of ions in our
tokamak for the following reasons. Most of the observed
lines are produced in the central region where the electron
density and temperature are high. When we study the
line intensity ratios of one and the same ion, the radial
distribution is not important because the emission regions
of relevant lines are the same. For line intensities of
different ions, such as I, /I, or Ig/I,, the radial distribu-
tion might influence the result. However, the radial dis-
tribution for 7,(0)=1 keV with D =7000 cm?/s shows
that the intensity distributions of 1, I,, and Ig are almost
the same, since the energies of electrons responsible for
the excitations of these lines are nearly the same.

The measurements of vuv lines of TixX1
23Py,1,,-2%5(523.01, 495.79, 390.47 A) may help us to in-
terpret the anomalously large values of I, and I,, al-
though a spectrometer of high throughput is needed to ob-
serve these weak lines. It is also interesting to measure
the lines from higher levels such as # =3 or 4 to know the
effect of the charge-exchange process.
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