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Various formulations for the ionization and recombination coefficients reported and used in the literature
have been compared for laser-produced Al plasmas. Taking into account these formulations, the charge-state
distribution of the plasma ions existing in various ionization states through their fractional densities and
average charge state has been studied. The local thermodynamic, corona, and collisional-radiative equilibria
are considered for the ionization model. Numerical results for Al plasmas with electron temperatures of
0.1-1.0 keV and electron densities 0f?4010?> cm™2 are presented and discussed. It is observed that the
several formulations for the ionization and recombination coefficients predict variously their rates. The con-
sideration of these formulations in an ionization model is noted to significantly modify the charge-state
distribution of the ions. It is further noted that the corona equilibrium model can be safely applied to laser
plasmas with electron densities less than or equal 8 af 2 for estimating the abundance of high-charge
ions relevant to x-ray line radiation studi¢$1063-651X97)02708-4

PACS numbds): 52.25.Jm, 52.50.Jm

[. INTRODUCTION various formulations of the ionization and recombination co-
efficients on the ionization-state density has not been re-
The hot and dense plasma produced by irradiation of gorted so far.
solid target with high-power laser beams is of tremendous In the present paper we have taken into account several
practical importance owing to its applications for inertial formulations for the ionization and recombination coeffi-

confinement fusion, x-ray sources, highly ionized ion source§ients and compared them for laser-produced Al plasmas.
and x-ray lasers. A significant proportion of the electromag-Ve have studied the effect of these formulations on the frac-

netic radiation emitted from such laser plasmas occurs in thiional densities and the average charge state of the ions with

x-ray spectral wavelength region. Hence x-ray emission frongifferent charge states, as calculated from the LTE, CE, and

laser plasmas has been studied extensively both theoretical E lonization models. We have discussed the results _from
and experimentallj1]. Moreover, x-ray spectral line radia- 9Ur calculations. It is observed that the several formulations

tion from laser plasmas has been proved to be a useful diaéor the ionization and recombination coefficients predict

nostic tool for characterizing plasma conditidi@. For the ariously their rates. The consideration of the formulations in
interpretation of spectroscopic data, one requires a plas

an ionization model is noted to change significantly the val-
o . T SMiks of the fractional densities and the average charge state of
ionization model to describe the ionization-state and iony
level populations in terms of electron temperatdig and

he ions. It is further noted from our results that the CE
, o X : model can be safely applied to laser plasmas with

densityn,. As the reliability of the interpretations depe_nds <102 cm 2 for estimating the abundance of high-charge

on the accuracy of the model, a knowledge of the suitablgyns relevant to x-ray line radiation studies.

ionization model is important.

Various ionization models, namely, local thermodynamic
equilibrium (LTE), corona equilibrium{CE), and collisional-
radiative equilibrium(CRE), and their applicability to laser The expression for the collisional ionization coefficient
plasmas have been discussed by several workg+4(. S is obtained by integrating the collisional ionization cross
These models require the ionization and recombination ratéection over a Maxwellian electron velocity distribution.
coefficients for calculating the ionization-state density andvarious workers have obtained the different expressions for
ion-level populations of different charge states of the ionsS by considering different approximations in the theoretical
The adequacy of an ionization model depends on the accgvaluation of the ionization cross section. We consider the
racy of the available rate coefficients. Through the review ofionization coefficient due to Bates, Kingston, and McWhirter
the literature on the subject one can find that several formu-11], McWhirter [12], Seaton[13], Lotz [14], Wilson and
lations for the rate coefficients of the collisional ionization, White [15], and Landshoff and Perd46], denoted byS®,
radiative two-body recombination, and collisional three-bodyS", S°, S+, S"W, andS'P, respectively. These are expressed
recombination have been used in various works and there agorresponding to the ionic charge st@ies
still no universally accepted expressions for them. Salzmann
and Krumbein[6] have considered four expressions for the ~ S°(Z)=1.64x 107 5¢, T Mexp(—u)/u] cnfsec, (1)
ionization coefficient with a particular expression for the re-
combination coefficient in their calculation of the ionization-  SV(Z)=2.43x 107 %¢, T2 exp(— u)/u”] cmd/sec,
state density in a laser-produced Al plasma. The effect of 2

Il. COLLISIONAL IONIZATION COEFFICIENT
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S%(2)=2.15x10 ¢, T 2 exp —u)/u?] cmisec, (3)

SH(Z)=3.00x 10 8¢, T ¥ exp(—u)/u]F(u) cmsec,
(4)

SWW(Z)=9.00x 10 %¢, T3  exp( —u)/u?]F,(u) cmisec,
(5

SP(Z)=1.24x107%¢, T2 exp(— u)/u?]F4(u) cmd/sec,
(6)

expu)(—In u—0.5772+u)

Ei(u)expu)=1 1 23347+ 0.25060

>1.
W2+33300+ 16815 O U1

Hereu=x7 /Ty, xz is the ionization potential in eVl .y is
the value of electron temperatufig, in eV, andé&; is the
number of electrons in the outermost,() subshell withn
the principal quantum number ahdhe azimuthal quantum
number.S? is used in the work of Kolb and McWhirtéd.7]
by assuming hydrogenic ionsté{=1) for nonhydrogenic
ions.SM is used in the works of Salzmann and Krumbih
Eidmann[9], Sinha[18], Itoh, Yabe, and Kiyokawa&19],
and Gupta and SinH&0,21]. It is important to note that the
numerical coefficient in the expression Y considered in
Refs.[6,19) with T, in eV is incorrect as the chosen value
(2.34x10° ") of the numerical coefficient is the one given
by McWhirter [12] with T, in degrees Kelvin. Accordingly,
as shown in Ref[20], the conclusion in Ref$6,19] that the
widely used McWhirter formulag") predicts in the lowest
ionization rate is incorrecB® is used in the works of Duston
and Davis[7], De Michelis and Mattioli[8], Brunner and
John[10], Gupta and Sinh§20], Davis and Whitney{22],
Duston and Duderstad®3], and Sasakket al. [24]. S is
used in the works of Salzmann and Krumbgsh, De Mich-
elis and Mattioli[8], and Itoh, Yabe, and Kiyokawfl9].
S"W is used in the works of Colombant and Ton@ and
Gupta and Sinh§20]. S-F is used in the works of Salzmann
and Krumbein 6] and Itoh, Yabe, and Kiyokawl9].

Ill. RADIATIVE RECOMBINATION COEFFICIENT

There is no universal formula for the radiative recombi-

nation coefficienta. A simple, approximate formulaxS,
given by Seaton25], is derived for H-like ions and is gen-

erally applied for all ions irrespective of their number of
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where
F1(u)=E;(u)exp(u),
Fo(u)=(4.88+1/u) 1,

F3(u)=0.9151+0.64Mu) 2+0.421+0.5/u) 2,

for u<10~*
exp(u)(—In u—0.5772+ 1.000Q — 0.2499%°+ 0.0552:3— 0.00981* + 0.0011L°)

for 107%<u<1

similar formula, given by Kolb and McWhirt¢d 7] and used
by Colombant and Tono[8] and Gupta and Sinh20,21],
is expressed by as

aM(Z+1)=5.2x 10" *4(Z+1)u¥30.429+ 0.5 Inu

+0.46~ %) cm’/sec. (8)
We further consider some other formulations foreported
in the literature such as those due to McWhirt&2], Pert
[26], and Griem[27], denoted bya™, ", anda®, respec-
tively, and expressed as

aM(Z+1)=1.9x10 1Y cmP/sec, 9)
aP(Z+1)=5.2x10"(Z+1)*T,/*F,(u) cmP/sec,

(10

a®(Z+1)=5.2x10 *Z+1)u®?F,(u) cm’/sec.
(11)

aM is used in the works of Eidmanf®] and Sinha[18].
«C is used in the works of Brunner and JdHi9] and Sasaki
et al.[24].

IV. COLLISIONAL RECOMBINATION COEFFICIENT

The collisional recombination coefficieft is calculated
by using the principle of detailed balance between ionization
and recombination due to electron collisions. A general for-
mula for B is given by Salzmann and Krumbé€i@], which is
expressed bySK as

bound electrons. This is expressed corresponding to the ionic

charge stat&Z +1 as

a¥(Z+1)=5.2x10"*Z+1)u¥30.429+0.5 Iru

+0.4691~ %) cm/sec. (7)

This formula is used in the works of Duston and Daji$,
Brunner and Johfl0], and Duston and Duderstd@®3]. One

Bz +1)={3x 107 [29(Z2+1)/9(Z)]T?

xexp(—u)} "In.S(Z) cmilsec, (12
where n, is the electron density and is the statistical
weight. This relation leads to the Saha equation in the LTE
model for a givenS. From this general relation one may
obtain various expressions @ffor different expressions of
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S. Duston and Duderstad®3] have given an expression through the fractional densitiefn(Z)/n;, nj=352,n(2)
for 8 corresponding to Seaton’s ionization coefficifitand  peing the total ion densilyof the ions in different charge

H DD
we denote this ag™, states Z and the average ionic charge stat®
z . .
BPP(Z+1)=8.05% 10~ 2n £, g(Z)/29(Z+1)] [=22112n(2)/ni v Zy k?elng the atomic number of the target
. element. This evaluation is generally carried out by using
X Teylu? cmi/sec. (13 one of the LTE, CE, and CRE ionization models.

The LTE model is applicable to the high-density regime

This expression is used in the works of Duston and DERjis where 8(Z)> a(Z)+D(Z). In this model, Eq(17) reduces
and Sasaket al. [24]. It leads to the Saha equation in the g

LTE case only when it is used along with described by

S°. Another expression for8 is given by Kolb and n(zZ+1) S(Z)

McWhirter [17] and is used in the works of Ref3,20,21. n(z) = B(Z+1) (18
This expression, denoted BV, is written as

Using 85K for B in Eq. (18), one obtains
BM(Z+1)=2.97x 10" 2'né, /[ Tou?(4.88 9k Ain Ea.(19

n.n(Z+1) B
n(z)

29(Z+1)
9(2)

which is the Saha equation. McWhirtgk2] has laid down a
necessary, but not sufficient, condition for the LTE to hold as

+1/u)] cm/sec. (14) X 107 T3 exp(—u), (19

We consider two other approximate formulations fodue
to Elwert [28] as BF and due to Brunner and Jolii0] as
BB and express them as
4112 3/ —3
BE(Z+1)=3.9x 10 Pno&, /(u7“T3,) cnisec, (15) ne=1.4< 104Teux™(.J) em™, 20

e

where x(i,j) is the energy difference between leveland
j in eV of an ion. This equation provides the validity condi-
tion for two energy levels of an ion. By summing the condi-

Expressiong14)—(16) do not lead to the Saha equation in tion for all levels and charge states, Eliezer, Krumbein, and
the LTE model for anyS described in Sec. II, although Ei- Salzmanr5] have given a generalized validity condition for
dmann[9], using 8E along with S™ in the LTE model, in- the LTE that predicts a lower limit by about an order of

correctly refers to the LTE result as the LTaha result. ~ Magnitude as compared to that from E20). From the work
of Salzmann and Krumbeif6] it is inferred that the LTE

condition is satisfied only at low- states in an Al plasma

produced by a Nd-glass laser. Hence the LTE model is not
The dielectronic recombination coefficiebt is difficult ~ strictly applicable for a laser plasma.

to calculate properly owing to the involvement of doubly =~ The CE model is applicable to the low-density regime

excited states. Many workef8,10,18,24 neglected the di- Wwherea(Z)+D(Z)>B(Z). In this limit Eq.(17) reduces to

electronic recombination in the ionization model, whereas it

has been taken into account in several other works n(z+1) _ S(2) 21)

[6-9,20,21,2f by using various approximate formulations. n(Z) a(Z+1)+D(Z+1)°

Following the work of Eidmann9], we account for the di-

electronic recombination by considerinB(Z)=da(Z), Cooper[29] has derived the applicability condition for the

with d a dielectronic recombination parameter for all chargeCE model as

states except the fully stripped one, where the process is not

. Tev |*
possible. Ne=<1.4X 10977 o
Z°E,

BB(Z+1)=8.75x10 ?'ny(2+1)%/TIZ cmPlsec.
(16)

V. DIELECTRONIC RECOMBINATION COEFFICIENT

Z2Ey
Xz-1

) cm 3, (22)

VI. ION DENSITIES AND IONIZATION MODELS . L .
whereEy is the ionization energy of the hydrogen atom in

lons in a laser plasma generally exist in various ionizationeV. Salzmann and Krumbeii§] have shown the validity of
charge states and their relative densities are evaluated fronmtlae CE model to electron densities somewhat higher than the
balance between ionization and recombination assumintimit obtained from Eq(22), which predicts the validity con-
plasma electrons having a Maxwellian velocity distributiondition asn,<2.2x 10'® cm™3,
with a temperaturd .. Considering only collisional ioniza- The CRE model is a generalized model taking into ac-
tion from the ground-state ion and recombination from thecount all the recombination processess. In this model the
continum into the ground state, the steady-state ion densitiesharge-state abundances are evaluated using1Ey.It re-

in two consecutive charge states are relatefbe3 duces to the CE model when the radiative and dielectronic
recombination is dominant over the collisional recombina-
n(z+1) S(2) tion and goes to the LTE model if the collisional recombina-

n(Z) a(Z+1)+D(Z+1)+B(Z+1)’ (17 tion is dominant over the radiative and dielectronic recombi-
nation. The validity limit of the CE and LTE models can be
wheren(Z) is the ion density of the charge stafe From  better judged by comparing the results from these models
this expression one can obtain the charge-state distributiowith those from the CRE model.
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FIG. 2. Radiative recombination coefficient as a function of
electron temperature for A and Alxiv ions by using various
formulations due to PeffcurvesP), Seaton(curve S), McWhirter
(curvesM), and Griem(curvesG).

o
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Figs. 1-3. The atomic data used in the calculation are taken
from available tabulations30]. The value ofy for Al xin is
taken as 2304 eV, obtained on extrapolation of the tabulated
values given up to Akil in Ref.[30]. Figure 1a) shows the
variation of the collisional ionization coefficient with, for

Al xii ions by using various formulations. The curvBs

M, L, WW, and LP correspond to the formulations ®due

to Bates, Kingston, and McWhirtdrl1], McWhirter [12],
Lotz [14], Wilson and Whitd 15], and Landshoff and Perez
[16], respectively. The values @&, as calculated by using
the formula due to Seatdi 3], are found to be close to those
obtained from the formula due to Lofz4] and hence are not
shown in the figure. As seen from the figure, the formula

-
oL
=

-
s,
N

COLLISIONAL IONIZATION COEFFICIENT (cm3lsec)

AN
@

10 S'P yields the lowest ionization rate and the expressin
L R R T gives the highest one. The ratio of these two coefficients
0.1 0.4 0.7 10 changes from 21.9 to 3.4 &g increases from 0.1 to 1.0 keV.
ELECTRON TEMPERATURE (keV) At T,=0.5 keV, the values o5 from S8, SM, S and

SYW are, respectively, 5.4, 2.7, 2.0, and 1.4 times higher than
that fromS-P. It is thus clear that the widely used McWhirter
formulaS™ does not predict the lowest ionization rate, which
is in contrast to that reported in R¢b].

FIG. 1. (a) Collisional ionization coefficient as a function of
electron temperature for Al ions by using various formulations
due to Bates, Kingston, and McWhirtdcurve B), McWhirter

(curve M), Lotz (curve L), Wilson and White(curve WW), and . . h llisi L ionizati ffici
Landshoff and Perefcurve LP. (b) Collisional ionization coeffi- Figure Xb) depicts the collisional ionization coefficient as

cient as a function of electron temperature forxAlAl xiil ions by ~ & function of T for Al x—Al xii ions by using the Lotz
using the Lotz formula. formula. It is observed that at a given temperatGrale-

creases with increasing charge state of the ion, the decrease
being substantially largefabout two orders of magnitugle

for Al xii ions relative to AlxI ions as compared to the de-

In order to study the effect of ionization and recombina-crease by a factor of about 3 for &iil ions relative to Alxi

tion coefficients on the charge-state distribution, we haveons. It is worth noting that Fig. 5 of Ref9] shows the
calculated the ionization and recombination coefficients for avalues ofS for Al xi to be about two orders of magnitude
laser-produced Al plasma by using various formulations forgreater than those for Al ions, which are in disagreement
them, as mentioned earlier, and have shown the results with the results shown in Fig.(f). A comparison of Fig.

VII. NUMERICAL RESULTS AND DISCUSSION
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FIG. 3. Collisional recombination coefficient as a function of
electron temperature at an electron density of 18°° cm™3 for
Al xi and Alxiv ions by using various formulations due to
Brunner-John(curves BJ, Salzmann and Krumbeifcurves SK,
Duston and Duderstadturves DD, Kolb and McWhirter(curves
KM), and Elwert(curvesE).

FIG. 4. Fractional density of Ati—Al xii ions as a function of
electron temperature, calculated from the CE model using various
formulations(S-°, S"W, sM | andSP®) for S and a particular formula
(a®) for a. The formulations used for the rate coefficients are
shown in parentheses along with the model. Dielectronic recombi-
nation is not considered.

1(b) with Fig. 5 of Ref.[9] shows that the results quoted in o ) .

Ref.[9] for Al xiil ions are actually for Aki ions. creases with increasing,. For Al X1l ions, the values of8
Figure 2 shows the radiative recombination coefficient agrom BB are higher up to a certain electron temperature and

a function of T, for Al xii and Alxiv ions by using various thereafter decrease as compared to the values from any other

formulations due to McWhirtef12], Seator{25], Pert[26],  formula. The formulationg3®K, gP°, g*M  and BE predict

and Griem[27] as curvesM, S, P, andG, respectively. The significantly larger values g8 for Al xi ions with respect to

formulaa®™ given by Kolb and McWhirtef17] predicts the  those for Alxiv ions, whereas the formula®’ yields smaller

values ofa that are very close to those given by the formulavalues for Alxil ions as compared to those for Al ions.

a® (curvesS) and hence are not shown in the figure. As seen In Fig. 4 we have plotted the fractional density of A

from the figure, the nature of the variation @fwith T, and Al Xiil ions versusT, as calculated from the CE model using

Z predicted by the Pert formula is opposite that predicted byarious formulationgS-", S"W, SM, and s°) for S and a

the other formulations. Moreover, the Pert formula gives val-particular formula ) for a, showing the effect of using the

ues of @ that are about an order of magnitude larger forvarious ionization coefficients. Dielectronic recombination is

Al xiv ions and about two orders of magnitude larger fornot considered here. The curve C&" anda®) refers to the

Al x11 ions as compared to those given by the Griem for-results obtained from the CE model incorporating the for-

mula. The values of predicted by Griem's, Seaton’s, and mulaS-? for S and the formulax® for « in Eq. (21). As seen

McWhirter's formulations are found to be within a factor of from the figure, Alxi ions form the majority of Al ions in

2 from each other. the plasma in the temperature range 0.3—-0.5 keV. The value
The collisional recombination coefficient as a function of of the optimumT, corresponding to the maximum abun-

Te atn,=3x10?° cm 3 for Al xi1 and AlxIv ions is plotted ~ dance of Alxil ions changes by using different formulations

in Fig. 3. The curves SK, BJ, KM, DD, and refer to the for S. The fractional density of Akil ions is also substan-

formulations given by Salzmann and Krumbg&j, Brunner  tially modified at temperatures away from the optimdim

and Johr10], Kolb and McWhirter[17], Duston and Dud- by using different formulations fo. For example, afl,

erstadf{ 23], and Elwerf 28], respectively. In the calculation =0.5 keV the values of the fractional density of i ions

using 85K we have considere8=S" in Eq. (12). As seen are about 60%, 75%, 85%, and 90%, corresponding to the

from the figure, the curves BJ differ substantially from theionization coefficient formulation§®, SM, SYW, and S-F,

other curves, which are slightly different from each other.respectively.

For Al xiv ions, the values o8 from 8% are substantially Figure 5 shows the fractional density of Al ions as a

larger than those frongSK, BPP, BM and BF in the con-  function of T, as calculated from the CE model using vari-

sidered temperature regime, although the difference desus formulations(a®, o, and a®) for « and a particular
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FIG. 5. Fractional density of Akl ions as a function of electron
temperature, calculated from the CE model using various formula-
tions (a”, a5, and a®) for « and a particular formulag") for
S. Dielectronic recombination is not considered.

FIG. 6. Fractional density of Ativ ions as a function of elec-
tron density at an electron temperature of 0.3 keV, calculated from
the LTE, CE, and CRE models. Dielectronic recombination is con-
sidered through the parametér
formulation (SM) for S, representing the effect of using the
various radiative recombination coefficients. Dielectronic re-crease the ion density with the decrease being larger for
combination is not considered here. As seen from the figurdarger dielectronic recombination coefficients.
the Pert formula for, represented by the results of the curve  From the comparison of the calculated results from the
CE (SM and &), predicts substantially different fractional CRE and LTE models for high electron densities, it is noted
densities of Alxil ions as compared to those from the otherthat the results from the CRES®, «°, and 85) model are
formulations fora used in the model. It is also noted that the closer to the LTE results as compared to those from the CRE
use of the formulation®, oM, and ™ in the model re- model incorporating other formulations fS8rand «. For ex-
sults in similar values of the fractional density of &l ions, ample, atn,=10%, 10** and 16° cm 2 the values of the
which are considerably different from those predicted fromfractional density of Akiv ions from the LTE model or
the Griem formula &®) in the model. AtT,=0.7 keV, the 3.8x10 %, 3.2x10 %, and 2.3<10 ’/, whereas those are
resulting ionic density is about 75%, 20%, and 35%, respecl.8x10 4, 5.1x10°°, and 1.710 ' from the CRE(S®,
tively, from the consideration o&®, aP, and the other for- «° and ) model and 2.K1075 1.1x10 %, and 1.1
mulations in the model. X 10" 7 from the CRE(SM, &S, and 85K) model. The corre-
Figure 6 shows the fractional density of Alv ions as a  sponding values from the CRE model using other combina-
function of loggn. at T.,=0.3 keV, calculated from the tions of S anda are lower. The CRE results follow the LTE
LTE, CE, and CRE models with and without dielectronic results fomg>10? cm™3, with the former one in the case of
recombination in the CE and CRE models. The LTE resultsising S5, «°, and 85X formulations earlier than the corre-
are the LTE(Saha results obtained from E19). The elec- sponding ones in the case of using other combinations of the
tron density range shown is 31?2 cm™2, although we rate coefficients. Thus the formulatio88, «5, and 35K rep-
have done calculations beyond this range also. As seen fromesent the most suitable expressions3pr, and B, respec-
Fig. 6, the results from the CE model are the same as thodéevely.
from the corresponding CRE model, which uses the same Figure 7 depicts the average charge state of Al ions as a
expressions foS and « along with 85K for 8, whereas the function of T, at n,=3x10?° cm™3, calculated from the
CE and CRE results are significantly different for differentLTE and CE models with various rate coefficients shown in
formulations forS and « in the model. Moreover, the LTE parentheses. Dielectronic recombination in the CE model is
results are observed to be substantially different from thoseot considered here. The CRE results are close to the CE
obtained using the CE and CRE models. These results sugredictions and hence are not shown in the figure. The LTE
gest that the CE model can be safely applied to laser plasmassults are noted to be significantly different from the CE
with n,=<10?2 cm 3 for high-Z ions. The effect of the con- results. One may further note that for a given formulaSor
sideration of dielectronic recombination is observed to dethe CE results witha® are considerably higher than those



2110

13

—_ —_
—_ N

AVERAGE CHARGE STATE OF IONS
o

1 1 I 1 1 l 1 1
90.1 0.4 0.7

ELECTRON TEMPERATURE (keV)

10

G. P. GUPTA AND B. K. SINHA 56

We have compared several formulations $ra, and g for
laser-produced Al plasmas and studied the effect of the ion-
ization and recombination coefficients on the fractional den-
sities and the average charge state of the ions with different
charge states. We have taken into account the LTE, CE, and
CRE ionization models for the calculation of the charge-state
distribution in the plasma. The formula of Landshoff and
Perez[16] for S predicts the lowest ionization coefficient,
whereas that of Bates, Kingston, and McWhirétral. [11]
gives the highest one. The ratio of these two ionization co-
efficients for Alxil ions changes from 21.9 to 3.4 8s
increases from 0.1 to 1.0 keV. Among the considered formu-
lations for «, the predictions ofx from the formulations of
McWhirter[12], Seator{13], and Griem{27] are noted to be
within a factor of 2 from each other, whereas those from the
formula of Pert[26] differ by about an order of magnitude
for Al xIv ions and about two orders of magnitude forxil
ions from the corresponding values from the Griem formula.
Among the chosen formulations fg, the values ofB esti-
mated from the formula of Brunner and Jofit0] are sig-
nificantly different from those obtained from the other for-
mulations, which give slightly different values ¢ from
each other.

The fractional density of Akil ions that are dominant
ions in the plasmas witfi, of 0.3—0.5 keV gets substantially

FIG. 7. Average charge state of Al ions as a function of electronmodified by using different formulations f& with a given

-3

temperature at an electron density ok 30°° cm™3, calculated

expression forx in the CE model. For a given formula for

from the LTE and CE models with various rate coefficients. Dielec-S in the CE model, the consideration of the formu&

tronic recombination in the CE model is not considered.

with . Moreover, for a given formula fow the CE results
are also affected by the use of different formulationsSor

VIIl. CONCLUSION

predicts the fractional density of Al ions substantially dif-
ferent from that given by the other formulations fey
whereas the results from the formulations, oM, and
a™ being similar differ considerably from those from the
formulaa®. From the comparison of the CE, CRE, and LTE
results of the fractional ionic density, it is observed that the
formulations S8, oS, and B represent the most suitable

We have noted that there are various formulations for thexpressions foB, «, andg, respectively, and the CE model

collisional ionization and collisional and radiative recombi- can be safely applied to laser plasmas with< 10?2 cm

—3

nation coefficients reported and used in the literature andbr estimating the abundance of highions and the average
there are still no universally accepted formulations for themionic charge state.
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