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Influence of ion temperature on Lyman-w intensity ratios
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In this paper we examine the effects of varying ion temperature with constant electron temperature on the
Lyman- intensity ratios for a small admixture of hydrogenlike ions in a high-temperature plasma. We inves-
tigate the ratios with increasing central electron temperature, change in base plasma, and increasing nuclear
charge,Z, of the impurity ion.[S1063-651X99)01805-X

PACS numbgs): 52.20.Hv, 32.70.Fw, 52.25.Nr, 52.20.Fs

[. INTRODUCTION higher Z in Sec. V. Therefore, for Atni, we considered
three cases for the constant electron temperature, With
The ion temperature in a plasma can often be consider=1, 4, and 10 keV. The ion temperatufe was varied in
ably higher than the electron temperature, especially in tokamagnitude around each constant electron temperalyre,
maks. However, the influence of the ion temperature is noby factors of 2, 3, and 4, and then by factors3pf, and;.
seen until higher densities than those usually observed iithe bold line in Fig. 1 is the curve for the intensity ratios
tokamaks f,~10~10 cm™3). The ion collisions are against electron densitg,, with equal ion and electron tem-
mainly those inducing transitions between tihen’ states, peratures.
where bothn and n’>1, i.e., collisions to and from the Figure 1 shows that aB; is increased abové,, there is
ground state, are not induced by heavy ion impact. Also of significant decrease in the intensity ratios, which becomes
relevance are collisions which produce the transitionssuccessively larger in magnitude as the difference between
(n,,j)—=(n,I",j"), i.e., An=0, wheren>1. Since we con- the ion and electron temperatures increases. Conversely,
sider the Lymanz intensity ratios, it is the P sublevels whenT,; is reduced belowl, the intensity ratios increase
which are relevant, their populations being significantly af-above their values at equal ion and electron temperatures,
fected by ion collisions. again with a successively larger increase in magnitude as the
The Lymane intensity ratio is the ratio of the intensities difference between the ion and electron temperatures in-
of the transitions P,,,— 1S, and 2P4,— 1S;,,. In this pa-  creases. These effects are explained by the fact that over this
per, we examine the effect of varying the ion temperaturdemperature range, the rates for the proton impact transition
around a constant electron temperature on the intensity rati@S;,— 2P, decrease with temperature. This influence on
under a variety of different plasma conditions. Previous thethe intensity ratios is most pronounced for the electron den-
oretical analyses of the intensity ratios have assumed equaity rangen.=10"-10° cm3. Outside this density range,
ion and electron temperaturgs,2] since the published re- the effect is minimal, of the order of 0.3% or so.
sults used fron{3,4] use a program with this assumption  Table | shows the percentage differences in the intensity
maintained. We have modified this progrd®] to distin-  ratios from the values whem; =T, for the pure hydrogen
guish between the ion and electron temperatures, and thease plasma case, as considered in this section, with varying
results presented in this paper appear to be the first oneésn temperature. The reduction in the ratios becomes larger
mentioned in the literature.

0.80
Il. VARIATION OF THE ION TEMPERATURE " 21 =1k$ Ti=1lkev
IN A HYDROGEN PLASMA g 0.75- e
The program used to calculate the level populations and = T notev o
hence the intensity ratios;0LRAD [5], uses a collisional- g 0.70 TN Dby
radiative model to determine the excited level populations £ 7N T
for hydrogenlike ions present as a small admixture in a high- £ 0.65 2 / b
temperature plasma. We include the contribution from the / ;
magnetic dipole transition, @,—1S;;,, in our values[6] 3 0.60
for the Lymane intensity ratios as this cannot be resolved %
experimentally from the R,»,—1S;, transition, and we E
present our results here for comparison with both past and £ 0557 . 3
future experimentally measured intensity ratios. 7 k

In this section we consider hydrogenlike Al present in 0.50
a hydrogen base plasma, although we also examine the effect
on the intensity ratios of changing the base plasma to one of

Electron Density, n, (cm™%)

FIG. 1. A graph of the intensity ratios agaimgt for Al xii in a
hydrogen base plasma, wiify varied around constarit,=1 keV,
*Electronic address: J.M.A.Ashbourn@damtp.cam.ac.uk as shown.
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TABLE I. Table of percentage differencésom the values wheifi; =T,) in the intensity ratios for Akl
againstn, with T; varied around constarit,, as below, for a hydrogen base plasma.

Facto\ ne (cm™3) 10 106 107 108 10 10%°
Te=1keV
2 —4% —4% —5% —5% —5% —4%
3 —6% —7% —7% —7% —7% —6%
4 —7% —8% —8% —8% —8% —7%
% 4% 5% 6% 6% 6% 5%
3 7% 9% 9% 9% 9% 8%
3 8% 11% 11% 12% 12% 11%
T.=4 keV
2 —2% —3% —3% —3% —3% —2%
3 —4% —4% —4% ~5% —4% —4%
4 —4% —5% —5% —~5% —5% —4%
3 3% 4% 4% 4% 4% 3%
i 5% 6% 6% 7% 6% 5%
3 7% 8% 8% 9% 8% 7%
Te=10keV
2 —2% —2% —2% —2% —2% —2%
3 —2% —3% —-3% —-3% —3% —2%
4 —3% —3% —3% —3% —3% —2%
3 2% 3% 3% 3% 3% 2%
: 4% 4% 5% 5% 5% 4%
3 5% 6% 6% 6% 6% 5%
as the multiplication factor for the ion temperatufig/T, Hence, we note that the maximum effect on the intensity

(i.e., the factor by which the electron temperature is multi-ratios of varying the ion temperature is observed at lower
plied to obtain the ion temperatyréncreases from 2 to 4. A electron temperatures, and gradually has less influence as the
maximum reduction of the ratios by 8% fom, electron temperature increases. This is as a result of the
=10'%-10"cm 2 is produced when the ion temperature is plasma approaching closer to local thermodynamic equilib-
four times the electron temperature, with=1 keV. There rium (LTE) at higher temperature.

is a similar increase in the ratios when the ion temperature is

less than the e!ectron temperature, an_d _the_magnitude_of this IIl. VARIATION OF THE BASE PLASMA

enhancement increases as the multiplication factor is de-

creased. This time a maximum increase of the ratios of 12% When the base plasma was changed from pure hydrogen
over the density range i%-10"cm™3 is obtained wherT;  to pure oxygen, withT,=1 keV and the same impurity ion,
=;Te with Te=1keV. Al xur, Table Il shows that the effect of varying the ion

TABLE Il. Table of percentage differencdfrom the values whe;=T,) in the intensity ratios for
Al xin againstn, with T; varied around constant,, as below, for an oxygen base plasma.

Facto\ ne (cm3) 10 10% 107 108 10 1070
Te=1keV
2 1% -0.3% -0.4% -1% —1% 2%
3 1% ~1% 1% —1% —2% ~3%
4 0.3% -1% —2% —2% —3% ~5%
3 —3% 1% —1% -0.3% 0.1% 1%
: —5% —2% -1% -1% -0.5% 0.3%
3 —8% —-3% —-3% —2% —1% —-0.4%
T.=4 keV
2 —2% 2% —2% —3% —3% —4%
3 —4% —4% —4% —~5% —5% —~7%
4 ~5% —6% —6% —6% —7% —-9%
i 1% 1% 1% 2% 2% 3%
3 0.3% 2% 2% 2% 3% 5%
3 -0.2% 2% 2% 3% 3% 6%
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TABLE lIl. Table of percentage differencefrom the values whef;=T,) in the intensity ratios for
Al xi againstn, with T; varied around constaft,, as below, for an aluminum self-plasma.

Facto\ ne (cm™3) 10 10%6 10 108 10 1070
Te=1keV
2 2% 1% 0.4% 01% —0.2% —1%
3 3% 1% 03%  —0.2% —1% —2%
4 3% 0.3% 0.01% —1% —1% —3%
3 —5% —2% —2% —-1% -1% —0.5%
i -8% —4% -3% -3% —2% —2%
3 —12% —6% —5% —5% —4% —3%
T.=4 keV
2 —-1% 1% ~1% —2% —2% —3%
3 —1% —2% —3% —3% —3% —6%
4 —2% —-3% —4% —4% —5% —8%
3 —1% 0.4% 1% 1% 1% 2%
3 —2% 0.3% 1% 1% 2% 3%
3 —3% 0.1% 0.4% 1% 2% 4%

temperature as before is noticeably smaller on the intensitgmaller than the case when the base plasma is pure hydrogen
ratios, as well as a slight “crossover” effect, where for an(see Table Ill. Over the significant density range,
integer multiplication factor there is a slight enhancement ofl0**-~10"° cm™3, inverse behavior is observed to that for
the ratios at the lower end of the affected density range bepure hydrogen. The fractional multiplication factors produce
fore the expected reduction in the ratios occurs. Correspondx reduction which is a maximum fdf;= 3 T, with 12% for
ingly, for a fractional multiplication factor, there is a slight n,=10" cm™3. The integer multiplication factors, however,
reduction at the upper end of the density range, prior tagain produce the same “crossover” effect that was ob-
which the expected enhancement in the ratios has been oberved in the pure oxygen plasma case. The intensity ratios
served. However, when the electron temperature is increasete initially enhanced at,=10" cm 3, but as the density
to 4 keV, this “crossover” effect is no longer observed andincreases, this becomes a reduction in the values which peaks
the respective enhancements and reductions in the intensiit n,=10?* cm 3, with a maximum value of 7% for a mul-
ratios are correlated with the multiplication factor being atiplication factor of 4.
fraction or an integer, respectively. When the electron temperature is 4 keV, the effect of
The final analysis on differing the base plasma was for asarying the ion temperature by the given multiplication fac-
pure aluminum self-plasma, such as that produced by a lasebrs reverts back to being the same as occurred for the hy-
We considered the cases wh&p=1 and 4 keV as before. drogen base plasma, exceptrat= 10°cm 3, when for the
WhenT.=1 keV, the effect on the intensity ratios is again fractional multiplication factors the “crossover” effect is

TABLE IV. Table of percentage differencéfrom the values whe;=T,) in the intensity ratios for
Clxvi and Crxxiv againsin, with T; varied around constaft, of 2 keV for Clxvii and 4 keV for Cixxiv,
respectively, as below, for a hydrogen base plasma.

Facto\ ne (cm™3) 10'° 106 10v 108 10'° 107°
Clxvn
2 —1% —4% —5% —5% —5% —5%
3 —2% —5% —7% —7% 7% —7%
4 —2% —7% —8% —9% —9% —9%
i 1% 4% 5% 6% 6% 6%
3 2% 6% 9% 9% 9% 9%
3 2% 8% 11% 11% 12% 11%
Crxxiv
2 -0.1% —-0.5% —3% —5% —5% —5%
3 —-0.1% —1% —4% —7% —8% —8%
4 -0.1% —1% —5% —9% —9% —-10%
: 0.04% 0.5% 3% 5% 6% 6%
3 0.1% 1% 4% 8% 9% 9%
3 0.1% 1% 5% 9% 10% 11%
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still observed, and the intensity ratios are mildly reduced. Focalculations of the rate coefficients wh&nis reduced below
all other densities in the given range, the expected enhancé@, show that the rate coefficient for thesg,— 2P, transi-
ment and reduction for the fractional and integer multiplica-tion is increased, while the rate coefficient for th&;2

tion factors, respectively, are seen. — 2P, transition is reduced by a greater amount in magni-
tude. This therefore produces the observed overall increase
IV. VARIATION OF THE IMPURITY ION in the intensity ratios with decreasing ion temperature at con-

i , . . __stant electron temperature.

The final analysis was a systematic calculation of the in- e rate coefficients for transitions induced by heavy ion
tensity ratios for hydrogenlike ions of increasidginder the ., isions are inversely proportional -5 [5], and hence it
same conditions with the reduced electron temperatur@,. pe seen that increasing above T,, e.g., whenT

er Y e

2 .
(Te/Z") kept constant and; varied as before. The three =1 keV, will reduce the rate coefficients and reducifig

ions considered were the original test impurity i@ xii), b ; -
i elow T, will enhance them. The effects observed with the
g:xvu, ang AfCEX\'/Vf’ Tz_.:was 1 keV for Alxil, 2 keV for change of base plasma from hydrogen to oxygen, for ex-
XVil, an eV Tor LXXIV. . . ample, are due to the fact that the rate coefficients are also
Tables | and IV show that the effect of varying the ion dependent on the heavy ion mass in a complex fund&an

temperature by a fractional multiplication factor decreases(lend together with effects caused by varyifig these cause
with increasingZ, but that this decrease is most significantthe intensity ratios to vary as shown in Table Il. When the

_1
for the case whef;=3Te. As for the pure oxygen bgse base plasma is oxygen, calculations of the rate coefficients

%r the transitions between theSg, and 2P sublevels show
that the rate coefficients for both th&g,— 2P, transition
and the 35,,,— 2P5, transition are now increased whe&nis
increased abové,., and reduced wheff; is decreased be-
low T.. However, in each case, it is the rate coefficient for

Our systematic analysis shows that varying the ion temihe 2S;,—2P3, transition which has either a significantly
perature from the electron temperature can produce a signiff@rger increase or reduction compared to that for tig2
cant effect on the intensity ratios. The extent of this effect—2P1, transition. There is an additional dependence of the
varies according to other plasma conditions, most notably théate coefficients on the nuclear charge of the impurity ion
actual electron temperature itself, the type of base plasm&onsidered which is again rather comp[&, and this gives
and the nuclear charge of the ion considered. When the bagise to the observed differences in the enhancements and re-
p|asma is Changed from pure hydrogen to pure oxygen, thguctions in the intenSity rati()See Table I\)’ asZ increases
absolute magnitude of the difference between the intensitffom Alxin through Cixxiv. A fuller explanation of the
ratios for equal ion and electron temperatures and those folcrossover” effect observed in the results for the high-
the specified varied ion temperature is considerably smalleRase plasmas requires further analysis of the dependence of

In a hydrogen base plasma, the majority of the heavy iorthe relevant cross sections @n
collisions involve protons which play a significant role in the ~ Thus our implementation iLOLRAD of distinct electron
collisions producing population transfer between tiRestib- ~ @nd ion temperatures in a high-temperature plasma might go
levels. From the calculations which determine the rate coefSome way towards explaining previous differences noted
ficients for transitions between,l,j sublevels within the [1.2] between experimental and theoretical intensity ratios,
same principal quantum shell due to heavy ion impact, it is2S the experimental ion temperature is indeed frequently dif-
found that increasingl; above T, produces a significant ferent from the experimental electron temperature in both
change in these rate coefficients. In particular, those of dired@kamaks and laser-produced plasmas.
relevance to the populations of th&2, and 2P5, levels are
the rate coefficients for the population transfer from ti$g,2
level to these two levels. Increasifg aboveT, causes the
rate coefficient for the ,,—2P4; transition to be de- The author would like to thank Dr. N. N. Ljepojevior
creased while the rate coefficient for th&2—2P5, tran-  useful discussions and Dr. A. R. Field for helpful comments
sition is increased by a greater amount in magnitude. Thus n the draft manuscript. The majority of this work was com-
can be seen that the subsequent overall decrease in the intgrteted with financial support from the Center for Computer
sity ratios with increasing ion temperature at constant elecand Mathematical Modelling, South Bank University, Lon-
tron temperature can be explainéke Fig. 1 Similarly,  don.

Clxvi and for Crxxiv are still increasing at the upper end
of the density range considered.

V. CONCLUSION
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