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Effect of ionization and recombination coefficients on the charge-state distribution of ions
in laser-produced aluminum plasmas

G. P. Gupta and B. K. Sinha
Laser and Plasma Technology Division, Bhabha Atomic Research Centre, Mumbai 400 085, India

~Received 6 March 1997!

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 of 1020– 1022 cm23 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 to 1022 cm23 for estimating the abundance of high-charge
ions relevant to x-ray line radiation studies.@S1063-651X~97!02708-6#

PACS number~s!: 52.25.Jm, 52.50.Jm
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I. INTRODUCTION

The hot and dense plasma produced by irradiation o
solid target with high-power laser beams is of tremend
practical importance owing to its applications for inert
confinement fusion, x-ray sources, highly ionized ion sour
and x-ray lasers. A significant proportion of the electroma
netic radiation emitted from such laser plasmas occurs in
x-ray spectral wavelength region. Hence x-ray emission fr
laser plasmas has been studied extensively both theoreti
and experimentally@1#. Moreover, x-ray spectral line radia
tion from laser plasmas has been proved to be a useful d
nostic tool for characterizing plasma conditions@2#. For the
interpretation of spectroscopic data, one requires a pla
ionization model to describe the ionization-state and i
level populations in terms of electron temperatureTe and
densityne . As the reliability of the interpretations depend
on the accuracy of the model, a knowledge of the suita
ionization model is important.

Various ionization models, namely, local thermodynam
equilibrium ~LTE!, corona equilibrium~CE!, and collisional-
radiative equilibrium~CRE!, and their applicability to lase
plasmas have been discussed by several workers@3–10#.
These models require the ionization and recombination
coefficients for calculating the ionization-state density a
ion-level populations of different charge states of the io
The adequacy of an ionization model depends on the a
racy of the available rate coefficients. Through the review
the literature on the subject one can find that several for
lations for the rate coefficients of the collisional ionizatio
radiative two-body recombination, and collisional three-bo
recombination have been used in various works and there
still no universally accepted expressions for them. Salzm
and Krumbein@6# have considered four expressions for t
ionization coefficient with a particular expression for the
combination coefficient in their calculation of the ionizatio
state density in a laser-produced Al plasma. The effec
561063-651X/97/56~2!/2104~8!/$10.00
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various formulations of the ionization and recombination c
efficients on the ionization-state density has not been
ported so far.

In the present paper we have taken into account sev
formulations for the ionization and recombination coef
cients and compared them for laser-produced Al plasm
We have studied the effect of these formulations on the fr
tional densities and the average charge state of the ions
different charge states, as calculated from the LTE, CE,
CRE ionization models. We have discussed the results f
our calculations. It is observed that the several formulatio
for the ionization and recombination coefficients pred
variously their rates. The consideration of the formulations
an ionization model is noted to change significantly the v
ues of the fractional densities and the average charge sta
the ions. It is further noted from our results that the C
model can be safely applied to laser plasmas withne
<1022 cm23 for estimating the abundance of high-char
ions relevant to x-ray line radiation studies.

II. COLLISIONAL IONIZATION COEFFICIENT

The expression for the collisional ionization coefficie
S is obtained by integrating the collisional ionization cro
section over a Maxwellian electron velocity distributio
Various workers have obtained the different expressions
S by considering different approximations in the theoretic
evaluation of the ionization cross section. We consider
ionization coefficient due to Bates, Kingston, and McWhir
@11#, McWhirter @12#, Seaton@13#, Lotz @14#, Wilson and
White @15#, and Landshoff and Perez@16#, denoted bySB,
SM, SS, SL, SWW, andSLP, respectively. These are express
corresponding to the ionic charge stateZ as

SB~Z!51.6431026jZTeV
23/2@exp~2u!/u# cm3/sec, ~1!

SM~Z!52.4331026jZTeV
23/2@exp~2u!/u7/4# cm3/sec,

~2!
2104 © 1997 The American Physical Society



56 2105EFFECT OF IONIZATION AND RECOMBINATION . . .
SS~Z!52.1531026jZTeV
23/2@exp~2u!/u2# cm3/sec, ~3!

SL~Z!53.0031026jZTeV
23/2@exp~2u!/u#F1~u! cm3/sec,

~4!

SWW~Z!59.0031026jZTeV
23/2@exp~2u!/u2#F2~u! cm3/sec,

~5!

SLP~Z!51.2431026jZTeV
23/2@exp~2u!/u2#F3~u! cm3/sec,

~6!
e
n

,

n

bi

-
of
on
where

F1~u!5E1~u!exp~u!,

F2~u!5~4.8811/u!21,

F3~u!50.915~110.64/u!2210.42~110.5/u!22,
E1~u!exp~u!5H exp~u!~2 ln u20.57721u! for u<1024

exp~u!~2 ln u20.577211.0000u20.2499u210.0552u320.0098u410.0011u5! for 1024,u<1
u12.334710.2506/u

u213.3307u11.6815
for u.1.
ion
or-

TE
y
f

Hereu5xZ /TeV , xZ is the ionization potential in eV,TeV is
the value of electron temperatureTe in eV, and jZ is the
number of electrons in the outermost (n,l ) subshell withn
the principal quantum number andl the azimuthal quantum
number.SB is used in the work of Kolb and McWhirter@17#
by assuming hydrogenic ions (jZ51) for nonhydrogenic
ions.SM is used in the works of Salzmann and Krumbein@6#,
Eidmann @9#, Sinha @18#, Itoh, Yabe, and Kiyokawa@19#,
and Gupta and Sinha@20,21#. It is important to note that the
numerical coefficient in the expression forSM considered in
Refs. @6,19# with Te in eV is incorrect as the chosen valu
(2.3431027) of the numerical coefficient is the one give
by McWhirter @12# with Te in degrees Kelvin. Accordingly
as shown in Ref.@20#, the conclusion in Refs.@6,19# that the
widely used McWhirter formula (SM) predicts in the lowest
ionization rate is incorrect.SS is used in the works of Duston
and Davis@7#, De Michelis and Mattioli@8#, Brunner and
John @10#, Gupta and Sinha@20#, Davis and Whitney@22#,
Duston and Duderstadt@23#, and Sasakiet al. @24#. SL is
used in the works of Salzmann and Krumbein@6#, De Mich-
elis and Mattioli @8#, and Itoh, Yabe, and Kiyokawa@19#.
SWW is used in the works of Colombant and Tonon@3# and
Gupta and Sinha@20#. SLP is used in the works of Salzman
and Krumbein@6# and Itoh, Yabe, and Kiyokawa@19#.

III. RADIATIVE RECOMBINATION COEFFICIENT

There is no universal formula for the radiative recom
nation coefficienta. A simple, approximate formulaaS,
given by Seaton@25#, is derived for H-like ions and is gen
erally applied for all ions irrespective of their number
bound electrons. This is expressed corresponding to the i
charge stateZ11 as

aS~Z11!55.2310214~Z11!u1/2~0.42910.5 lnu

10.469u21/3! cm3/sec. ~7!

This formula is used in the works of Duston and Davis@7#,
Brunner and John@10#, and Duston and Duderstadt@23#. One
-

ic

similar formula, given by Kolb and McWhirter@17# and used
by Colombant and Tonon@3# and Gupta and Sinha@20,21#,
is expressed byaKM as

aKM~Z11!55.2310214~Z11!u1/2~0.42910.5 lnu

10.469u21/2! cm3/sec. ~8!

We further consider some other formulations fora reported
in the literature such as those due to McWhirter@12#, Pert
@26#, and Griem@27#, denoted byaM, aP, andaG, respec-
tively, and expressed as

aM~Z11!51.9310214TeV
1/2u cm3/sec, ~9!

aP~Z11!55.2310214~Z11!4TeV
21/2F1~u! cm3/sec,

~10!

aG~Z11!55.2310214~Z11!u3/2F1~u! cm3/sec.
~11!

aM is used in the works of Eidmann@9# and Sinha@18#.
aG is used in the works of Brunner and John@10# and Sasaki
et al. @24#.

IV. COLLISIONAL RECOMBINATION COEFFICIENT

The collisional recombination coefficientb is calculated
by using the principle of detailed balance between ionizat
and recombination due to electron collisions. A general f
mula forb is given by Salzmann and Krumbein@6#, which is
expressed bybSK as

bSK~Z11!5$331021@2g~Z11!/g~Z!#TeV
3/2

3exp~2u!%21neS~Z! cm3/sec, ~12!

where ne is the electron density andg is the statistical
weight. This relation leads to the Saha equation in the L
model for a givenS. From this general relation one ma
obtain various expressions ofb for different expressions o
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S. Duston and Duderstadt@23# have given an expressio
for b corresponding to Seaton’s ionization coefficientSS and
we denote this asbDD,

bDD~Z11!58.05310228nejZ@g~Z!/2g~Z11!#

3TeV
23/u2 cm3/sec. ~13!

This expression is used in the works of Duston and Davis@7#
and Sasakiet al. @24#. It leads to the Saha equation in th
LTE case only when it is used along withS described by
SS. Another expression forb is given by Kolb and
McWhirter @17# and is used in the works of Refs.@3,20,21#.
This expression, denoted bybKM, is written as

bKM~Z11!52.97310227nejZ /@TeV
3 u2~4.88

11/u!# cm3/sec. ~14!

We consider two other approximate formulations forb due
to Elwert @28# as bE and due to Brunner and John@10# as
bBJ and express them as

bE~Z11!53.9310228nejZ /~u7/4TeV
3 ! cm3/sec, ~15!

bBJ~Z11!58.75310227ne~Z11!3/TeV
9/2 cm3/sec.

~16!

Expressions~14!–~16! do not lead to the Saha equation
the LTE model for anyS described in Sec. II, although E
dmann@9#, usingbE along with SM in the LTE model, in-
correctly refers to the LTE result as the LTE~Saha! result.

V. DIELECTRONIC RECOMBINATION COEFFICIENT

The dielectronic recombination coefficientD is difficult
to calculate properly owing to the involvement of doub
excited states. Many workers@3,10,18,24# neglected the di-
electronic recombination in the ionization model, wherea
has been taken into account in several other wo
@6–9,20,21,26# by using various approximate formulation
Following the work of Eidmann@9#, we account for the di-
electronic recombination by consideringD(Z)5da(Z),
with d a dielectronic recombination parameter for all char
states except the fully stripped one, where the process is
possible.

VI. ION DENSITIES AND IONIZATION MODELS

Ions in a laser plasma generally exist in various ionizat
charge states and their relative densities are evaluated fr
balance between ionization and recombination assum
plasma electrons having a Maxwellian velocity distributi
with a temperatureTe . Considering only collisional ioniza
tion from the ground-state ion and recombination from
continum into the ground state, the steady-state ion dens
in two consecutive charge states are related as@6,9#

n~Z11!

n~Z!
5

S~Z!

a~Z11!1D~Z11!1b~Z11!
, ~17!

wheren(Z) is the ion density of the charge stateZ. From
this expression one can obtain the charge-state distribu
it
s

e
ot

n
a

g
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on

through the fractional densities@n(Z)/ni , ni5(Z51
Za n(Z)

being the total ion density# of the ions in different charge
states Z and the average ionic charge stateZ̄
@5(Z51

Za Zn(Z)/ni , Za being the atomic number of the targ
element#. This evaluation is generally carried out by usin
one of the LTE, CE, and CRE ionization models.

The LTE model is applicable to the high-density regim
whereb(Z)@a(Z)1D(Z). In this model, Eq.~17! reduces
to

n~Z11!

n~Z!
5

S~Z!

b~Z11!
. ~18!

Using bSK for b in Eq. ~18!, one obtains

nen~Z11!

n~Z!
5331021F2g~Z11!

g~Z! GTeV
3/2 exp~2u!, ~19!

which is the Saha equation. McWhirter@12# has laid down a
necessary, but not sufficient, condition for the LTE to hold

ne*1.431014TeV
1/2x3~ i , j ! cm23, ~20!

wherex( i , j ) is the energy difference between levelsi and
j in eV of an ion. This equation provides the validity cond
tion for two energy levels of an ion. By summing the cond
tion for all levels and charge states, Eliezer, Krumbein, a
Salzmann@5# have given a generalized validity condition fo
the LTE that predicts a lower limit by about an order
magnitude as compared to that from Eq.~20!. From the work
of Salzmann and Krumbein@6# it is inferred that the LTE
condition is satisfied only at low-Z states in an Al plasma
produced by a Nd-glass laser. Hence the LTE model is
strictly applicable for a laser plasma.

The CE model is applicable to the low-density regim
wherea(Z)1D(Z)@b(Z). In this limit Eq. ~17! reduces to

n~Z11!

n~Z!
5

S~Z!

a~Z11!1D~Z11!
. ~21!

Cooper@29# has derived the applicability condition for th
CE model as

ne<1.431014Z7S TeV

Z2EH
D 4S Z2EH

xZ21
D cm23, ~22!

whereEH is the ionization energy of the hydrogen atom
eV. Salzmann and Krumbein@6# have shown the validity of
the CE model to electron densities somewhat higher than
limit obtained from Eq.~22!, which predicts the validity con-
dition asne<2.231018 cm23.

The CRE model is a generalized model taking into a
count all the recombination processess. In this model
charge-state abundances are evaluated using Eq.~17!. It re-
duces to the CE model when the radiative and dielectro
recombination is dominant over the collisional recombin
tion and goes to the LTE model if the collisional recombin
tion is dominant over the radiative and dielectronic recom
nation. The validity limit of the CE and LTE models can b
better judged by comparing the results from these mod
with those from the CRE model.
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VII. NUMERICAL RESULTS AND DISCUSSION

In order to study the effect of ionization and recombin
tion coefficients on the charge-state distribution, we ha
calculated the ionization and recombination coefficients fo
laser-produced Al plasma by using various formulations
them, as mentioned earlier, and have shown the result

FIG. 1. ~a! Collisional ionization coefficient as a function o
electron temperature for AlXII ions by using various formulation
due to Bates, Kingston, and McWhirter~curve B!, McWhirter
~curve M !, Lotz ~curve L!, Wilson and White~curve WW!, and
Landshoff and Perez~curve LP!. ~b! Collisional ionization coeffi-
cient as a function of electron temperature for AlX–Al XIII ions by
using the Lotz formula.
-
e
a
r
in

Figs. 1–3. The atomic data used in the calculation are ta
from available tabulations@30#. The value ofxZ for Al XIII is
taken as 2304 eV, obtained on extrapolation of the tabula
values given up to AlXII in Ref. @30#. Figure 1~a! shows the
variation of the collisional ionization coefficient withTe for
Al XII ions by using various formulations. The curvesB,
M , L, WW, and LP correspond to the formulations forS due
to Bates, Kingston, and McWhirter@11#, McWhirter @12#,
Lotz @14#, Wilson and White@15#, and Landshoff and Pere
@16#, respectively. The values ofS, as calculated by using
the formula due to Seaton@13#, are found to be close to thos
obtained from the formula due to Lotz@14# and hence are no
shown in the figure. As seen from the figure, the formu
SLP yields the lowest ionization rate and the expressionSB

gives the highest one. The ratio of these two coefficie
changes from 21.9 to 3.4 asTe increases from 0.1 to 1.0 keV
At Te50.5 keV, the values ofS from SB, SM, SL, and
SWW are, respectively, 5.4, 2.7, 2.0, and 1.4 times higher t
that fromSLP. It is thus clear that the widely used McWhirte
formulaSM does not predict the lowest ionization rate, whi
is in contrast to that reported in Ref.@6#.

Figure 1~b! depicts the collisional ionization coefficient a
a function of Te for Al X–Al XIII ions by using the Lotz
formula. It is observed that at a given temperatureS de-
creases with increasing charge state of the ion, the decr
being substantially larger~about two orders of magnitude!
for Al XII ions relative to AlXI ions as compared to the de
crease by a factor of about 3 for AlXIII ions relative to AlXII

ions. It is worth noting that Fig. 5 of Ref.@9# shows the
values ofS for Al XIII to be about two orders of magnitud
greater than those for AlXII ions, which are in disagreemen
with the results shown in Fig. 1~b!. A comparison of Fig.

FIG. 2. Radiative recombination coefficient as a function
electron temperature for AlXII and Al XIV ions by using various
formulations due to Pert~curvesP!, Seaton~curve S!, McWhirter
~curvesM !, and Griem~curvesG!.
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2108 56G. P. GUPTA AND B. K. SINHA
1~b! with Fig. 5 of Ref.@9# shows that the results quoted
Ref. @9# for Al XIII ions are actually for AlXI ions.

Figure 2 shows the radiative recombination coefficient
a function ofTe for Al XII and Al XIV ions by using various
formulations due to McWhirter@12#, Seaton@25#, Pert@26#,
and Griem@27# as curvesM , S, P, andG, respectively. The
formulaaKM given by Kolb and McWhirter@17# predicts the
values ofa that are very close to those given by the formu
aS ~curvesS! and hence are not shown in the figure. As se
from the figure, the nature of the variation ofa with Te and
Z predicted by the Pert formula is opposite that predicted
the other formulations. Moreover, the Pert formula gives v
ues of a that are about an order of magnitude larger
Al XIV ions and about two orders of magnitude larger
Al XII ions as compared to those given by the Griem f
mula. The values ofa predicted by Griem’s, Seaton’s, an
McWhirter’s formulations are found to be within a factor
2 from each other.

The collisional recombination coefficient as a function
Te at ne5331020 cm23 for Al XII and Al XIV ions is plotted
in Fig. 3. The curves SK, BJ, KM, DD, andE refer to the
formulations given by Salzmann and Krumbein@6#, Brunner
and John@10#, Kolb and McWhirter@17#, Duston and Dud-
erstadt@23#, and Elwert@28#, respectively. In the calculation
using bSK we have consideredS5SM in Eq. ~12!. As seen
from the figure, the curves BJ differ substantially from t
other curves, which are slightly different from each oth
For Al XIV ions, the values ofb from bBJ are substantially
larger than those frombSK, bDD, bKM, andbE in the con-
sidered temperature regime, although the difference

FIG. 3. Collisional recombination coefficient as a function
electron temperature at an electron density of 331020 cm23 for
Al XII and Al XIV ions by using various formulations due t
Brunner-John~curves BJ!, Salzmann and Krumbein~curves SK!,
Duston and Duderstadt~curves DD!, Kolb and McWhirter~curves
KM !, and Elwert~curvesE!.
s

n

y
l-
r
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-

f

.

e-

creases with increasingTe . For Al XII ions, the values ofb
from bBJ are higher up to a certain electron temperature a
thereafter decrease as compared to the values from any
formula. The formulationsbSK, bDD, bKM, andbE predict
significantly larger values ofb for Al XII ions with respect to
those for AlXIV ions, whereas the formulabBJ yields smaller
values for AlXII ions as compared to those for AlXIV ions.

In Fig. 4 we have plotted the fractional density of AlXI –
Al XIII ions versusTe as calculated from the CE model usin
various formulations~SLP, SWW, SM, and SB! for S and a
particular formula (aS) for a, showing the effect of using the
various ionization coefficients. Dielectronic recombination
not considered here. The curve CE~SLP andaS! refers to the
results obtained from the CE model incorporating the f
mulaSLP for S and the formulaaS for a in Eq. ~21!. As seen
from the figure, AlXII ions form the majority of Al ions in
the plasma in the temperature range 0.3–0.5 keV. The v
of the optimumTe corresponding to the maximum abun
dance of AlXII ions changes by using different formulation
for S. The fractional density of AlXII ions is also substan
tially modified at temperatures away from the optimumTe
by using different formulations forS. For example, atTe
50.5 keV the values of the fractional density of AlXII ions
are about 60%, 75%, 85%, and 90%, corresponding to
ionization coefficient formulationsSB, SM, SWW, and SLP,
respectively.

Figure 5 shows the fractional density of AlXII ions as a
function of Te as calculated from the CE model using va
ous formulations~aP, aS, and aG! for a and a particular

FIG. 4. Fractional density of AlXI –Al XIII ions as a function of
electron temperature, calculated from the CE model using var
formulations~SLP, SWW, SM, andSB! for S and a particular formula
(aS) for a. The formulations used for the rate coefficients a
shown in parentheses along with the model. Dielectronic recom
nation is not considered.
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56 2109EFFECT OF IONIZATION AND RECOMBINATION . . .
formulation (SM) for S, representing the effect of using th
various radiative recombination coefficients. Dielectronic
combination is not considered here. As seen from the fig
the Pert formula fora, represented by the results of the cur
CE ~SM and aP!, predicts substantially different fractiona
densities of AlXII ions as compared to those from the oth
formulations fora used in the model. It is also noted that th
use of the formulationsaS, aKM, andaM in the model re-
sults in similar values of the fractional density of AlXII ions,
which are considerably different from those predicted fro
the Griem formula (aG) in the model. AtTe50.7 keV, the
resulting ionic density is about 75%, 20%, and 35%, resp
tively, from the consideration ofaG, aP, and the other for-
mulations in the model.

Figure 6 shows the fractional density of AlXIV ions as a
function of log10ne at Te50.3 keV, calculated from the
LTE, CE, and CRE models with and without dielectron
recombination in the CE and CRE models. The LTE resu
are the LTE~Saha! results obtained from Eq.~19!. The elec-
tron density range shown is 1020– 1022 cm23, although we
have done calculations beyond this range also. As seen
Fig. 6, the results from the CE model are the same as th
from the corresponding CRE model, which uses the sa
expressions forS and a along with bSK for b, whereas the
CE and CRE results are significantly different for differe
formulations forS and a in the model. Moreover, the LTE
results are observed to be substantially different from th
obtained using the CE and CRE models. These results
gest that the CE model can be safely applied to laser plas
with ne<1022 cm23 for high-Z ions. The effect of the con
sideration of dielectronic recombination is observed to

FIG. 5. Fractional density of AlXII ions as a function of electron
temperature, calculated from the CE model using various form
tions ~aP, aS, and aG! for a and a particular formula (SM) for
S. Dielectronic recombination is not considered.
-
e,

r

c-

s

m
se
e

t

e
g-
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crease the ion density with the decrease being larger
larger dielectronic recombination coefficients.

From the comparison of the calculated results from
CRE and LTE models for high electron densities, it is not
that the results from the CRE~SB, aS, andbSK! model are
closer to the LTE results as compared to those from the C
model incorporating other formulations forS anda. For ex-
ample, atne51022, 1024, and 1025 cm23 the values of the
fractional density of AlXIV ions from the LTE model or
3.831021, 3.231024, and 2.331027, whereas those are
1.831024, 5.131025, and 1.731027 from the CRE~SB,
aS, and bSK! model and 2.131025, 1.131025, and 1.1
31027 from the CRE~SM, aS, andbSK! model. The corre-
sponding values from the CRE model using other combi
tions ofS anda are lower. The CRE results follow the LTE
results forne.1025 cm23, with the former one in the case o
using SB, a5, and bSK formulations earlier than the corre
sponding ones in the case of using other combinations of
rate coefficients. Thus the formulationsSB, aS, andbSK rep-
resent the most suitable expressions forS, a, andb, respec-
tively.

Figure 7 depicts the average charge state of Al ions a
function of Te at ne5331020 cm23, calculated from the
LTE and CE models with various rate coefficients shown
parentheses. Dielectronic recombination in the CE mode
not considered here. The CRE results are close to the
predictions and hence are not shown in the figure. The L
results are noted to be significantly different from the C
results. One may further note that for a given formula forS
the CE results withaS are considerably higher than thos

-
FIG. 6. Fractional density of AlXIV ions as a function of elec-

tron density at an electron temperature of 0.3 keV, calculated f
the LTE, CE, and CRE models. Dielectronic recombination is c
sidered through the parameterd.
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2110 56G. P. GUPTA AND B. K. SINHA
with aP. Moreover, for a given formula fora the CE results
are also affected by the use of different formulations forS.

VIII. CONCLUSION

We have noted that there are various formulations for
collisional ionization and collisional and radiative recomb
nation coefficients reported and used in the literature
there are still no universally accepted formulations for the

FIG. 7. Average charge state of Al ions as a function of elect
temperature at an electron density of 331020 cm23, calculated
from the LTE and CE models with various rate coefficients. Diel
tronic recombination in the CE model is not considered.
,

e

d
.

We have compared several formulations forS, a, andb for
laser-produced Al plasmas and studied the effect of the
ization and recombination coefficients on the fractional d
sities and the average charge state of the ions with diffe
charge states. We have taken into account the LTE, CE,
CRE ionization models for the calculation of the charge-st
distribution in the plasma. The formula of Landshoff an
Perez@16# for S predicts the lowest ionization coefficien
whereas that of Bates, Kingston, and McWhirteret al. @11#
gives the highest one. The ratio of these two ionization
efficients for AlXII ions changes from 21.9 to 3.4 asTe

increases from 0.1 to 1.0 keV. Among the considered form
lations for a, the predictions ofa from the formulations of
McWhirter @12#, Seaton@13#, and Griem@27# are noted to be
within a factor of 2 from each other, whereas those from
formula of Pert@26# differ by about an order of magnitud
for Al XIV ions and about two orders of magnitude for AlXII

ions from the corresponding values from the Griem formu
Among the chosen formulations forb, the values ofb esti-
mated from the formula of Brunner and John@10# are sig-
nificantly different from those obtained from the other fo
mulations, which give slightly different values ofb from
each other.

The fractional density of AlXII ions that are dominan
ions in the plasmas withTe of 0.3–0.5 keV gets substantiall
modified by using different formulations forS with a given
expression fora in the CE model. For a given formula fo
S in the CE model, the consideration of the formulaaP

predicts the fractional density of AlXII ions substantially dif-
ferent from that given by the other formulations fora,
whereas the results from the formulationsaS, aKM, and
aM being similar differ considerably from those from th
formulaaG. From the comparison of the CE, CRE, and LT
results of the fractional ionic density, it is observed that t
formulationsSB, aS, and bSK represent the most suitabl
expressions forS, a, andb, respectively, and the CE mode
can be safely applied to laser plasmas withne<1022 cm23

for estimating the abundance of high-Z ions and the average
ionic charge state.
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