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Abstract

Time resolved measurements of TiXXI-TiXIX X-ray line

spectra from an ohmically heated plasma with neon puffing in

the JIPP T-IIU tokamak were measured with a high resolution

crystal spectrometer. The spectral data were analysed 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 temperatures T was obtained

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 turned into a

recombination phase thereafter following the decrease of ths

electron temperature. The observed intensity ratios I /I

and I /I were always found more than twice larger than they w

theoretical ones. The discrepancies increased in the later

period of the plasma after T decreased, in contrast to the

result by Bitter et al. who found large discrepancies in the

early phase of the discharge when T was low. However the

experimental data of !„/!„ are in good agreement with

calculations when we include the inner-shell ionization of

Li-like ions.

We investigated the contribution of ion-ion charge

exchange processes to 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

2 T
He-like titanium ions was observed in the PLT , TFTR ,

Doublet III and ASDEX 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 <y w e

1.2 keV . Measurements of He-like titanium spectra from

ohmically heated Doublet III tokamak plasmas showed

reasonable agreement with theoretical values for G = (I +

I + I2)/Iw but smaller values for R = I 2/d x + Iy>, due to

a smaller values of I than theories . In contrast to these

results the observation of titanium spectra during electron

cyclotron heating(ECH) of Doublet III showed always 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 TiXXI - TiXIX X-ray spectra

produced in an ohmically heated JIPP T-IIU tokamak plasma.

The line intensities measured were analysed by the use of a

collisional radiative model of He-like ions. The comparison

with theoretical spectra showed discrepancies for I.,/1., and

I /I . The observed values were found higher than the

calculated ones, and the discrepancy was greater at the

later phase of the plasma, in contrast to the result by
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Bitter et al who gave larger values of !„/!„ and 1,,/L
x w y w

particularly in the early phase of the discharge with low

electron temperatures Tfi. A large discrepancy was found at

low temperatures in both experiments.

We have found that the effect of the inner shell

ionization on I is considerable in all phases in our

measurement. The possibility of ion-ion charge exchange

process is discussed to explain the discrepancies between

predictions and experiments at the later period.

The contribution of cascades and recombination

processes are described and the atomic rate coefficients are

compared in Sec.II. The spectral components are explained

in Sec.III. The experimental apparatus and the plasma

parameters are described and the observed spectra are

analysed in Sec.IV. The intensity ratios for He-like ions

are analysed and discussed in Sec.V. Contribution of charge

exchange between titanium ions and neon ions in 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.l with their keys. Arrows with solid and

dotted 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 in a
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recombining plasma.

The line intensities of He-like ions are calculated by

the computer code of a collisional radiative model which

includes 60 levels up to n = 20. The cascade contributions

of highly excited states and the recombination of H-like

ions are calculated with this model. Atomic data published
2

by Bely-Dubau et al are used for the direct excitation rate

coefficients of TiXXI (11S-2SL) and for Li-like satellite

lines Is221-ls21n'l" with n'» 2, 3, 4, 5, > 6 by

dielectronic recombination and by inner-shell excitation .

For dielectronic Be-like satellite lines, Is 21nl' -

Is2121"nl" with n = 2, 3, 4, the data by Bitter et al3 are

used . The inner-shell ionization which contributes to z is
o

calculated by the Lotz's formula. Other atomic data used
q

in this code are described in Fujimoto and Kato , and this

code has been successfully used to interpret a solar

plasma , a laser produced plasma and a theta pinch
o

plasma . The data for transition probabilities for n = 2 are

taken from ref.12 and for n £ 3 are scaled with the data in

ref.13 as discussed in ref.9.

effThe effective excitation rate coefficients C and

effrecombination rate coefficients a 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 from TiXXI ground

state including cascade contributions; the C e is defined

as n(21P)Ar(2
1P - l1S)/(nen1(He)) for njCH) - 0 and o w

e f f as

to be n(21P)Ar(2
1P - l1S)/(nen1(H)) for n^He) - 0, where
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) is the population density of 7?S level and Ar(2
1P -

1 S) is the transition probability, n^(He) and n^(H) are

population densities of the ground states of the He-like

ions and of the H-like ions, respectively. The effective

excitation rate coefficient for z is smaller than that in

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 taken into account by us but by

Bely-Dubau et al , because the increase of the direct

excitation rate coefficient by resonances is only 20% at 3 x.

107 K for FeXXV Is2s 3S 1*. 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 recombination rates agree within

20% as shown in Fig.2. The density effect for these lines

become important when n > 10 cm" . The values in this

paper correspond to those in the case of low density limit.

As the cascade contribution is important for I , the

effective excitation rate coefficients for Tg = 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 > 3 are 41%, 23% and 8%, respectively.

The contribution of recombination is effective at low

temperatures ' , because the excitation rate coefficient

decreases very rapidly as the temperature decreases. The

effective recombination rate coefficient for w is larger

than the effective excitation rate coefficient at T£ < 1.5
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keV. These effective rate coefficients are calculated

including radiative cascades from higher levels by the

collisional radiative model mentioned above. In the low

temperature range, the radiative recombination is important

for all the lines, but the dielectronic recombination

becomes dominant for w at T > lkeV. 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

radiative transition probability to the ground state 1 S

from an excited triplet state n L is very small due to the
3

spin change transition comparing with those to 2 L, the n «

2 levels, especially the z level, are populated. This

phenomenon was observed in an Alcator tokamak plasma where

strong (I + I + I ~ ) / I
W
 w a s measured in the periphery. For

example, the cascade contributions to I from n = 2, 3 and n

= A levels are 11, \11 and 11, respectively. The effective

recombination rate coefficients for the lines of w, x, y and

z are shown in Table II at T =0.5 keV. The contributions

of the direct recombination and of the cascade from n = 2, 3

and A levels are also shown. The cascade contribution from

level n includes the indirect cascades

Za(nl)B(nQ.,n'a')B(n'L',21")B(2!L",lS), where a(nl) is the

direct recombination rate, B(nd,n'l') - A (nl.n'l1)/

EAr(nl,n"l") is the branching ratio from level nl to level

n'i' and A (ni.n'l1) is the transition probability from
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level nl to level n'l'. The direct contributions

a(21)B(21,lS) are shown in parentheses. It is seen that the

cascades from higher levels are very important for the line

intensities. The values on Table II can be considered as

the emissivities by recombination from the H-like ground

state.

III. Spectral components of TiXXI spectra

The relative photon counts of these lines are

calculated taking the energy resolution (AE/E = 0.00058) and

aspect correction into account, as given in Fig.3. The line

width by doppler broadening is smaller than that by

instrumentations. The aspect correction was obtained by a

ray tracing-method. The electron temperature of 1.7 keV and

the ion ratios n(Li)/n(He)=l.1 and n(Be)/n(He)=0.5 are

assumed in this case. Fig.3(b) shows the line intensities

w, x, y and z produced by the excitation of the He-like

ground state. The cascade contribution of higher levels are

included as explained in Sec.II. The forbidden line z is

enhanced through the cascade of 23P - 23S by 40% in the low

density region where n is less than 10 cm" . Fig.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 satellites of

n 2 4. 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, dl3 etc) which appear on the longer

wavelength side of w. A peak t represents the n = 2
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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 determine

the electron temperature from Ij./Iw 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

ionization of Li-like ions is also shown. The dielectronic

satellite lines of Li-like ions due to the transitions

ls22JLni' - Is2p2i"nl"' (n = 2, 3, 4) are shown in Fig.3(e).

Transitions with n = 2 give strong intensities on the longer

wavelength side of 6. The wavelengths of two strong peaks

are 2.6475 A( Is22s2p 3?1 - Is2s2p2 3D £ ) and 2.6499 A(

Is22s2p 3 P 2 -Is2s2p
2 3D 3 ) after ref.3. They are indicated

by symbols bl and b2, respectively. The total convoluted

spectrum is shown in Fig.3(a).

IV. Experimental results and spectral analysis

The measurement of titanium ion spectra was performed

for an ohmically heated JIPP T-IIU tokamak plasma in which a

large amount of neon was introduced (referred to as neon

puff) into the discharge to increase the electron
18temperature ; the increased effective charge Z ff by neon

puff enhances the ohmic heating rate, and this raises the

temperature. The plasma was generated in a torus with a

major radius of R - 0.91 m and a minor radius of a = 0.27 m.
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For a toroidal current Ip=200 kA at maximum, the plasma

attained a central electron temperature of T (0) = 1.8 keV

and a central electron density of nfi(0) s 3x10 cm . The

duration of such a plasma was about 0.2 sec.

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 spacing of

2.749A 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/AX •». 1700. A detailed description of

19this spectrometer is given elsewhere . The spectra

obtained in 20 ms intervals are shown in Fig.A. The

calculated spectra represented lines are compared,

normalizing the flux of w.

Comparison between the calculations and observed

spectra has been made by the following procedure. As a

first step, T is obtained by the spectral fitting of I ,

the associated Li-like satellite lines with n 2 3 and the

satellite 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 q/w and 6/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 T and ion abundances for the data

accumulated every 20 ms by fitting the whole spectra except

x,y and z as shown in Fig.4. The ion ratios n(Be)/n(He) and
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n(Li)/n(He) decreases with time until 80 ms. For I the

contribution of the inner-shell ionization of Li-like ions

is found important as shown by hatched regions. This implies

that the plasma AS ionizing in the initial stage. In the

later stage, 80 - 100 ms, the ion ratios increase, thus

indicating that the plasma is recombining. In this stage the

agreement between the experimental and calculated spectra

with n(H) = 0 is poorer for I , I and I . After 100 ms no

appreciable lines were observed. Ion ratios and T derived

from spectral fits are shown as a function of time together

with the average electron density obtained by electron

cyclotron emission in Fig.5.

V. Intensity ratios of He-like ions

As we have seen in Fig. 4, large discrepancies between

theory and experiment are found for IV/ITT and I /I ,
X vv y v»

especially in the later period of the plasma. We plot the

time evolution of the observed intensity ratios for I /I ,

y v v*»and G - (Ix+ *y
+ w R = v<xx+ y

along with the electron temperature T and the ion ratios

n(Li)/n(He) in Fig. 6. The theoretical curves for the

purely ionizing plasma where n(H) =0.0 (solid lines) and

the purely recombining plasma where n(He) = 0.0 (dashed

lines) are obtained from Fig.2 and represented by solid and

dashed lines, respectively. The calculated values of Iw

include the unresolved satellite lines of n S A. The

experimental values of !„/!„ and I /I are always twice or
x w y w
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more larger than the theoretical ones in the purely ionizing

case for 40 - 80 ms and in approximate agreement with those

for purely recombining case in 80 - 100 ms.

To Iz the radiative transition 2
3S - 11S following the

inner shell ionization of Li - like ions gives a

considerable contribution. The theoretical values of I_/Iw

including this contribution are given by the dott-dashed

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 for 40 to 80

ms could be explained by taking a contribution of

recombination into account. However, this results in a

large discrepancy for I as one sees for R in Fig.6. This

comparison demonstrates that I + I observed is too strong.

3

A similar discrepancy was observed by TFTR experiment „

They claimed that the difference between the experimental

value of G, G , and theoretical value G _ was found

proportional to n(Li)/n(He). Using their empirical relation

corrected for our theoretical value of I as described in

Sec. II, we draw 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 experiment.

Without explicitly using n(Li)/n(He) we derive the

electron temperatures from Ig/I^ and Iq/Ik, since they
20

depend only on the temperature in an ionizing plasma
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Disagreement of the derived temperature indicates other

population mechanism 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 contribution of

suprathermal electrons cannot explain the data in t = 40 -

60 ms, since I is too strong compared to I .q z

If the theoretical values of I for excitation and

recombination 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
3 3

appreciable fraction of I arises from 2 P - 2 S

transitions, we try to modify the branching ratios for these

transitions. However, no improvement results, but this

would modify the theoretical ratio I,./1,, unless the two

branching 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 density

shown in Fig.5 is considered to be due mainly to neon
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continuously puffed thereafter. At around t = 80 ms the

neon density is on the order of 10Z of the hydrogen density.

Hence charge exchange processes play important roles in

changing the ionization state of titanium and thereby

leaving titanium ion in excited states particularly 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

21Chibisov . Following their method we obtain the cross

section for titanium ions and neon ions; we obtain the cross

section for Ti 2 0 + + Ne 7 + - Ti19+(n=4) + Ne 8 + to be 7 x 10"18

cm at a relative velocity v = 0.06 a.u. Hence the

recombination by charge exchange contributes more than

electron recombination if the density of Ne exceeds one

percent of the electron density in the temperature range

under consideration. The dependence of charge exchange

recombination rate coefficient on temperature is weak,

i) 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 temperature as a

-12-



function of n t (cm" s) with the method developed by
22 *

Masai . Here t is the effective ionization time introduced
by Masai23, which is defined as dt* = dt(l + dt/dt ) " 1 ,

s

corresponding to the transformation between the Lagrange and

Euler versions taking into account of the effect of

transport. Here, 1/t = D/(LTLN), where D is the diffusion

coefficient, and L_ and L« are the temperature and density

scale lengths, respectively. The value t is taken to be ^ 5
s

-2 2 1

x 10 for the diffusion coefficient D s 7500 cm s to fit

well the experimental result. The varying electron

temperature derived from the line intensity ratios is shown

in Fig.7 by a broken line. The ion abundances are

calculated taking into account the electron impact

ionization and recombination for the period before 80 ms

under the initial condition that plasma is in the ionization

equilibrium of 1 eV. The calculated result reproduces time

variations in the observed ion ratios. For the instructive

purpose, we also show the ion abundances if T be constant

after reaching its maximum (dot-dashed lines). It is clear

that the plasma dose not reach an ionization equilibrium

until ngt s 10 cm s. Fig.7 demonstrates that the

ionization process dictates the ion abundances in the

ionizing phase until t 80ms and the recombination takes

place thereafter.

After 80 ms, the charge exchange recombination with

neon ions such as Ti 2 0 + + Ne8+ - Ti 1 9 + + Ne9+ become

important. This results in the recovery of the abundances of

ions with L-shell electrons, which is not attained by free

electron recombination. The recombination rate coefficients

-13-



21+ 20+for Ti and Ti which are averaged over the charge

-11 3 1
states of neon ions are estimated to be 3 x 10 cm s~

which is larger than that by free electron recombination at

temperatures around T = 1 keV. Therefore, the ion-ion

charge exchange process plays an important role in

recombxnation 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 vanishing X-ray emission after

100 ms as shown in Fig.A. The ion abundances without charge

exchange process are shown by dotted lines,

ii) Line intensity ratios

Charge exchange processes Ti + Ne z + - Ti (nl) +

Ne 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 <a > = 3 x

10"11 cm3 s"1 and the ion ratios of n(H)/n(He) =0.03 and

nN /n =0.2, where n.. is the neon density, the

recombination rate by charge exchange is found larger than

that for free electrons by a factor of 2 and than the

excitation rate by 60Z at T = 1 keV. At low collision

energies, the 1- distribution depends very strongly on the

energies and shows a maximum or increases with i . The

perturbed stationary state (PSS) method has shown that the

1- distribution is strongly biased towards a certain level

25above the statistical population . This phenomenon is also
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measured in Ne + He collisions .

If we assume that the only 3 D or A F level is

populated by ion - ion charge exchange, these states reach
o

2 P by radiative transitions, thus producing strong I and

I . The observed spectrum cannot be reproduced by the

statistical 1-distribution among sublevels. The synthetic
3 12 3

spectrum obtained with <a._(3 D)>(n- /n ) = 8 x 10 cm

s" is shown in Fig.8 which is very similar to the observed

spectrum during 80 - 100 ms (Fig.4). The contributions of

the charge exchange are shown by hatched regions. The charge

exchange contribution on I is due to the singlet - triplet
26

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.
VII. Summary and Discussions

We have analysed the X-ray spectra of TiXXI by the use

of the collisional radiative model of He-like ions. The

electron temperatures are obtained from the spectral fits of

the intensity ratios of Li-like dielectronic satellite lines

to the He-like resonance line I . The ion density ratios of

n(Li)/n(He) and n(Be)/n(He) are derived every 20 ms from the

intensity ratios !_/!„ and Ig/^ where I and Ifi are

produced by inner-shell excitation.
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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

explain 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.

2) Large discrepancies between the experimental and

theoretical results for I /I ,1/1 and I /I are found, if

electrons alone are responsible for ionization, excitation

and recombination. The observed values of I /I and I /I

are always larger than the theoretical ones.
3

3) Bitter et al reported the same kind of discrepancies

for I.JI-. and I,T/ITT especially at low T in the early phase

of the discharge. Their claim that the enhancement of I and
X

I is due to the presence of Li-like ions dose not hold in

our experiment.
4) If the electron captured by charge exchange

recombination of Ti 2 1 + + Ne z + - Ti20+(nl) + N e ( z + 1 ) + is
3 3

selectively distributed in the 3 D or 4 F state, I and I
x y

can be more enhanced than I , thus the observed spectrum can

be qualitatively explained.

5) The contribution of the inner shell ionization to Iz

is appreciable in our calculation. The inner shell

-16-



ionization rate coefficient S is comparable with C e at 2
z z

keV and equals 0.23Cz
eff 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

27polarization which may occur in the excitaiton by the

28 29
electron beam and by the charge exchange reactions on
the intensity anomaly of I and I .

x 7

We have discarded spatial distribution of ions in our

tokamak because of 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 I«/I , the radial

distribution might influence the result. However, the radial

distribution for Tg(0) = 1 keV with B = 7000 cm
2/s shows

that the intensity distributions of I , 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 TiXXI 23PQ 1 2 - 2
3S(

523.01, 495.79, 390.47A ) may help us to interpret the

anomalously large values of I and I , although a
x y

spectrometer of high throughput is needed to observe these

weak lines. It is also interesting to measure the lines

-17-



from higher levels such as n = 3 or 4 to know the effect of

the charge exchange process.
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Table I

3 1
Effective excitation rate coefficient (cm s ) at 1.7 keV

total direct cascade from
n=2 n=3

I.. 5.4(-13) 5.3(-13) 1.3(-14)
9.7(-14) 1.3(-13) -4.K-14) 8.K-15)

9.4(-14) 7.2(-15)
4.5(-14) 6.6(-14) 3.6(-14)

Table II
. 3 _i

Effective recombination rate coefficient (cm s ) at 0.5 keV

total direct cascade from
n=2 n=3 n=4

I 6.K-13) (2.3(-13)) l.K-13) 4.7(-14)
Iw 7.6(-13) (2.7(-13)) 1.2(-13) 8.9(-14)

6.7(-13) (2.4(-13)) 1.0(-13) 7.4(-14)
3.0(-13) 2.3(-14)
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Figure Captions

Fig.l Schematic energy level diagram for prominent lines of

TiXXI, TiXX and TiXIX ions. Arrows with solid and

dashed lines indicate the transitions by electron

collisions and the radiative transitions,

respectively.

Fig.2 Effective excitation and recombination rate

coefficients. Solid and dashed lines indicate the

effective excitation and recombination rate

coefficients, respectively. Thick curves show our

results, whereas thin curves are those in ref.3.

The value of I in ref.3 is overestimated as they

did not include the two photon decay (2 S -1 S), and

their corrected value is 20Z larger than ours .

Fig.3 Spectral component of Ti spectra for n(Li)/n(He) =

1.1, n(Be)/n(He) = 0.5 and Tg = 1.7 keV.

a) Total synthetic spectrum(solid line) and aspect

c ~rrection(dashed line).

b) He-like lines excited from the ground state.

c) Lf-like dielectronic satellite lines.

d) Satellite lines by inner-shell excitation of

Li-like ions (t,q,r etc.) and Be-like ions(6), and

by inner-shell ionization of Li-like ions (z).

e) Be-like dielectronic satellite lines.

Fib.4 Observed spectra (points) and calculated synthetic

spectra (solid lines) in 20 ms intervals from an

ohmically heated plasma of JIPPT-IIU discharge with

-23-



neon puffing. The contributions of inner shell

ionzation are hatched. The electron temperature T

and the ion ratios obtained by spectral fitting are

given.

Fig.5 The 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 begins.

Fig.6 The time dependences of the intensity ratios Ix/Iw»

W VXw ' G • (Ix + Xy + V*» and R - V(Ix
I ), the electron temperature and ion abundances. The

solid and dashed lines indicate the theoretical

values for the purely ionizing and purely

recombining plasma, respectively. The theoretical

values I /I and R including inner shell ionization

process are given by dott-dashed lines. Hatched area

represents the G values obtained from the n(Li)/n(He)

dependence given in ref.3.
*

Fig.7 The ion abundances for Ti ions versus n t .

The experimental ion abundances normalized to that of

He-like ion are compared. The electron temperature is

shown by a broken line. The dot-dashed lines are the

ion abundances for the case that Tg is constant after

its maximum. The dotted lines show the results

without ion - ion charge exchange process.

Fig.8 A calculated spectrum taking into account the charge

exchange between TiXXII and neon ions to simulate the

observed spectrum in Fig.4 (80 - 100 ms). Hatched

regions indicate the contributions of charge exchange

processes. -24—
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