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Excitation autoionization rates from ground and excited levels in Li-like Ar'®* to S-like Ar?*
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The rate coefficients for excitation autoionizatiéBA) from the levels of the ground and first excited
configuration in nearly all argon iorsi-like Ar " to S-like Ar>") have been computed. Collisional excita-
tion cross sections are computed in the distorted-wave approximation and integrated over a Maxwellian
distribution of free-electron energies. Radiative and autoionizing transition probabilities are computed using
the fully relativistic, intermediate coupling codeeLAc. For each ion, the rates of EA are compared to
semi-empirical calculations of the direct ionization rate. For charge states wittMfeslwell electrons in the
ground configuratioriNa-, Mg-, and Al-like, EA can significantly enhance the direct ionization rate coeffi-
cients. In the first excited configuration of each ion considered, the EA rate coefficient enhances the direct
ionization rate coefficient only at low temperaturfS1050-294{@8)06204-0

PACS numbd(s): 34.80.Dp, 34.80.Kw, 32.80.Dz

[. INTRODUCTION excitation double autoionizatiofREDA [11]) to the total
ionization cross section in Af; there is reasonable agree-
Accurate ionization and recombination rates are necessaiyent between the total ionization cross sections from the
for calculations of ion distributions in a plasma. It is well- distorted-wave calculations of Reed and Cli&f] and the
known from both experimental measurements of total ioniza€lose-coupling calculations of Taygl6]; slight differences
tion cross sectionfl—6] and theoretical investigatiorf§—  are due to the number of configurations considered in each
22] that indirect processes such as autoionization followingnodel. There are large discrepancies between strengths of
electron-impact excitatiofiexcitation autoionizationEA)] the REDA resonances computed 5] and those computed
make the dominant contribution to some ions’ total ioniza-in [16] that can be traced to differences in the radiative chan-
tion cross section. In the present work, EA rate coefficientsiels allowed for the autoionizing states. The results in Refs.
are computed for 14 argorZ18) ions. [15] and[16] agree well with the experimental data of Zhang
The total cross section for ionization from the groundet al.[6]. The distorted-wave calculation of the total ioniza-
level in Li-like C3*, N**, and @ " was measured by Cran- tion cross section of Teng and Xa7] agrees less well with
dall et al. [1] nearly two decades ago using electron-ionthe experiments of Zhanet al. [6] than the results in Ref.
crossed beams. The contribution of EA to the total ionizatior 15] or [16]. An older work by SampsofiL9] offers analytic
cross section was identifigd.,8] and found to increase in formulas for the total ionization cross section and the ioniza-
importance along the isosequeridg?]. The measured data tion rate coefficient(including contributions from EA for
have been used by Sampson and Goldg0] to generate Na-like ions based on the formalism in R¢L0], but not
analytic formulas for the total ionization cross sections frominformed by the more recent measuremdst$] above. The
Li-, Be-, and B-like ions that include terms that account forEA rates calculated in the present work range from 25%
the EA contribution. The formulas if10] assume that con- smaller than what is predicted by the formulas in R&€] at
tinuum energy levels have unit autoionization branching ra0.6 times the ionization energy of At to only 5% smaller
tios; the calculations of the present work reveal that in theat 2.6 times the ionization energy of Ar. A comparison of
case of argon ions, radiative stabilization of inner-shell exthe present results with the results of other authors is given in
cited levels substantially reduces the branching ratios in Li-Sec. IV D.
Be-, and B-like ions. Electron-ion crossed-beam measurements of the total ion-
The Na-like isoelectronic sequence is similar to the Li-ization cross section in A through AP [4] show distinct
like sequence in that there is one electron loosely boun&A contributions in Af* (see also[2]) and Ar*. The
outside a closed shell. Cowan and Mdm and LaGattuta present paper calculates EA rates from levels of the S-, P-,
and Hahn11] have calculated that EA is the dominant ion- Si-, Al- and Mg-like argon ions. It is similar to our previous
ization mechanism in Na-like ions. Recently, the crossedwork [23] in which the EA contribution to the total rate of
beam method has been used to measure the Na-liKé Ar ionization was calculated fdvi-shell molybdenum ions. The
total ionization cross section up to an impacting-electron enpresent work offers systematic calculations of the EA rate
ergy of 3 keV by Rachafet al. [5] and up to 1200 eV by coefficient from all levels in the ground configuration of all
Zhanget al. [6]; the two data sets diverge sharply aboveargon ions from Li-like A" to S-like Ar?*. The present
impact energies of 375 eV. Many recent calculatiphS—  work also offers systematic calculations of the EA rate coef-
17] have interpreted the contribution of EA and resonanfficients from all the levels of the first excited configuration in
Li-like Ar *®" to F-like Ar®* and Mg-like Ar®" to Si-like
Ar#*_ Calculations of charge-state distributiof24,25 in
*Permanent address: Racah Institute of Physics, Hebrew Univetow-density plasmas assume that the rate of ionization from
sity, Jerusalem, Israel. the ground level of an ion alone is adequate to describe the
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total rate of ionization from that ion. While this limit obtains %

in collisionally ionized astrophysical plasmas, for the Qﬁ-x(Te):J vf(v)o®™(i—j)do, 5
moderate-density plasmas one finds in magnetically confined 0

fusion devices, this assumption may not apply. For exampl
the Be-like Af*" and Mg-like Ar®" ions have metastable
levels in their first excited configurations that are close in
energy to the ground level and can be highly populated.
From collisional-radiative models carried out for the present
work, we find that for Be-like A", at T, = 40% of the EA rate coefficients have been calculated for all argon
ion’s ionization potential, and for a density typical of a to- charge states from AP (1s?2s, Li-like) to Ar?*
kamak, 88% of the ion’s population is in the ground level (2s22p3s23p*, S-like). The rate of EA from each level in
and nearly 12% of the ion’s population is in the levels of thethe ground configuration in each ion has been considered as
first excited configuration. For the Mg-like At, collisional-  well as the rate of EA from the levels of the first excited
radiative models indicate only 55% of the ion’s population isconfiguration, except in the Ne-, Na-, P-, and S-like ions. In
in the ground level and nearly 45% of the ion’s population isthe case of Ne-like A, the levels of the first excited con-

in the levels of the first excited Configuration. Comparisonqiguration (&22p53s) are far above the ground level in en-

of the calculated EA rate coefficients are made to CalCUlate@rgy and are not h|gh|y popu]a’[ed at the temperatures of
rate coefficients for impact ionizatidi26,27 from the va-  interest to the present work. Simple collisional-radiative

Qvherev is the electron velocity and(v) is the electron
velocity distribution.

Ill. CALCULATIONS

lence and inner shells of the same id&ec. IV B. models for Na-like AP* have been constructed; the levels of
the first excited configuration €2p®3p) have fast radia-
Il. EXCITATION AUTOIONIZATION tive decays to the ground level and thus are never highly

populated. The cod¢28] used to calculate the impact-
excitation cross sections was unable to converge for excita-
tions from the levels of the first excited configurations in
Ar3* and Ar" and thus no results for the levels of these
configurations are reported in the present work.

The cross section for excitation autoionization from a
level i of ion Z+ to all possible levels of ion4+1)+ is
described by

A= o™(i—])BP, (1)
! A. L-shell ions, Art>* to Ar 8+

wheres®(i—]) is the electron-impact-excitation cross sec-  The excitations involved here through which EA proceeds
tion from leveli to levelj (an energy level in the continuum i | -shell argon are listed in Table I. For the Li- and Be-like

: A : ; i ;
of ion Z) and BJ IS the-bl’anChlng ratio for aut(-)lonlzatlon ions, the promo“on of am=1 (K-shem electron has been
from level j to all possible levels of the next ion. In the allowed according to

present workB}* has the form

1s?2s™+e—1s2s™’l’ +e, (6)
1 r
A_ A R i’ _ : . .
B! = g, oA I +Z Ajj,rrad+FA , 2) wh1e6r+em—1 or 2 for the ground configuration of AY or
j j i i’ i’ Ar -7 respectively, and
where_l“rad and_l“’f represent a sum over all levels reachable 1s22s™ 12p+e—1s2s™ 12pn’l’ +e 7)
from j by radiative transitions and autoionization, respec-
tively, for the first excited configuration in each ion. For Be-like
Ar1%" the contribution to EA from the excitation of as2
F_radZE A-Rf FA:Z AA 3) electron from the levels of the first excited configuration has
U U also been considered; this is shown in the third line of the

. o N . Be-like block in Table I. In the case of B-like At", the
andA;;, is the radiative transition rate from levelto some  contribution ofK-shell excitations to the ground levels EA
other levelj’, which also lies in the continuum. The second rates is considered. For all the ions from B-like AT to
term in the parentheses in E@) represents the contribution Ne-like Ar®", the presence of 2 electrons means that exci-
to the total EA rate from autoionization following radiative tation of a 2 electron can result in autoionizing levels
transitions between energy levels in the continuum. Thiormed from the ground configuration and thus theshell
contribution is found to be negligible for the argon ions stud-excitations contribute only a small fraction to the total EA
ied here. The rate coefficient for the EA process from a sperate. For these ions, EA from the ground and first excited
cific leveli is configurations can proceed via excitations of am2

(L-shel) electron

SFA(Te) = S(To)BP, 4

- (Te) 2 Qi(Te) @ 1s%2s22p*+e—(1s2s2pkn’l’ or 1s?2s22p*~In’l")+e,
whereQj* is the impact-excitation rate coefficient from level (8
i to level j, found by averaging the electron-impact-

excitation cross section over a Maxwellian distribution of wherek=1-6 for B- to Ne-like ions, respectively, and from
free-electron velocities the excited configuration via excitations of the form
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TABLE I. K- andL-shell channels through which EA proceeds for the ground and first excited configu-
rations of Art®" to Ar®* ions. The first column shows the isoelectronic sequence for the initial ion and the
second column contains the electron-impact excitation channels through which EA proceeds. The excitations
are listed in order of the excited electron with the innermost excited electron listed first and successive
channels having excitations of less bound electrons. The valugd ‘ofonsidered for each channel are listed
to the right of each excitation. The rightmost column of the table lists the final states for autoionization from
the excited states in the continuum.

Isosequence Excitation channel Final Al states
Li-like 1s?2s+e—1s2sn’l’ 2s<n’l'<12g 1s?
1s?2p+e—1s2pn’l’ 2p=n’l'<12gy 1s2l, 1=0,12
Be-like 1s?2s?+e—1s2s?n’l’ 2p=n'l'<12g 1s?nl, n=2,8; 1=0,4
1s22s2p+e—1s2s2pn’l’ 2p=n'l'<12g
1s?2s2p+e—1s2pn’l’ 10s<n’l'<12g
B-like 1s?2s?2p+e—1s2s?2pn’l’ 2p=n’'l'<8g 1s?2snl, n=2,3; 1=0,2
1s%2s?2p+e—1s?2s2pn’l’ 8s<n'l’'<11g
1s?2s2p?+e—1s%2p?n’l’ 3p=n’l'<1lg
C-like 2s%2p?+e—2s2p?n’l’ 6p=n’'l'<10g 1s22s?nl, n=2,3; 1=0,2"°
2s2p+e—2pn’l’ 3p=n'l'<10g 1s2252p?
N-like 2s?2p3+e—2s2psn’l’ 5s<n’l'<10g 1s22s?2p?
2522p®+e—2s22p°n’l’ 10s<n'l’<10g © 1s%2s%2p3l, 1=0,2"°
2s2p*+e—2p*n’l’ 3p=n'l'<10g 1s22s2p®
O-like 2s%2p*+e—2s2p*n’l’ 4f<n’l'<10g 1s?2s%2p®
2s22p*+e—2s22pn’l’ 9p=n'l'<10g 1s%2s22p23|, 1=0,2°
2s2p°+e—2p°n’l’ 3p=n'l'<10g 1s22s2p*
F-like 2s?2p°+e—2s2p°n’l’ 4d=n'l'<11g 1s22522p*
2s?2p5+e—2s22p*n’l’ 9s=n’l'<11g 1s%2s?2p33l, 1=0,2°
2s2p8+e—2ptn’l’ 4s<n’l'<11g 1s22s2p°®
Ne-like® 2522p8+e—2s2p°n’l’ 4d<n’l'<13y 1s22s%2p°
1s°2s2pb ©

8All 1521 He-like levels are above the highest-energy level of the Li-like ion.

PAll n=3 levels of the AF¥*1* jon are above the highest-energy level of thé*Aiion.
Only one level 2%2p,,,2p3,10ds,, J=1/2 is in the continuum.

9The 25%2p°®n’l’ levels are below the continuum for all valuesrofi’ <13g.

®The 2s2p® F-like level is above the highest-energy level of the Ne-like ion.

1s22s2pk* 1+ e—1s22pk*In’l’ +e, (9) B. M-shell ions, Ar’* to Ar %*

The allowed excitations for th&1-shell ions(Ar’* to

Ar?*) considered in the present work are summarized in

wherek=1-5 for B- to F-like ions, respectively. In E@), 1016 || For the case of the Na-like Af, EA proceeds
the first configuration on the right-hand side contributes to[hrough excitations of the form '

EA from the levels of the ground and first excited configu-
ration of each ion via a2-n’l’ or 2s2p**t—2s2pkn’l’ 2s22p53s+e—2s22p53sn’l’  or 2s2p®3sn’l’+e.
excitation, respectively. The excitations in Ef) contribute (10)

to EA from the levels of the first excited configuration only.

The values oh’l’ considered for each ion are given in Table For all otherM-shell ions, Mg-like AF* to S-like Ar?*,

I. The continuum levels formed by the above excitationsexcitation of ann=2 electron contributes to EA from the
have been allowed to autoionize to all possible states of thground levels in each ion via inner-shell excited configura-
next ion. Radiative stabilization of the above levels has beetions of the form

allowed to all possible singly and doubly excited levels of

the initial ion. 2522p83s?3p~+e—(217)3s?3p*n’l’ +e, (11)
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TABLE II. L- andM-shell channels through which EA proceeds for the ground and first excited con-
figurations of Ar™ to Ar?" ions. The first column shows the isoelectronic sequence for the initial ion and
second column contains the electron-impact excitation channels through which EA proceeds. The excitations
are listed in order of the excited electron with the innermost excited electron listed first and successive
channels having excitations of less bound electrons. The valugd 'ofonsidered for each channel are listed
to the right of each excitation. The rightmost column of the table lists the final states for autoionization from
the excited states in the continuum.

Isosequence Excitation channel Final Al states
Na-like 25?2p®3s+e—2s2p®3sn’l’ 3s=n'l'<9g 2s22p®
25%2p®3s+e—2s22p°3sn’l’ 3s=n’'l'<9g 2s?2p®3l, 1=0,2
Mg-like 25°2p%3s?+e—2s2p®3s?n’l’ 3p<=n'l'<8g 2s?2p°nl, n=3,7; 1=0,4
2522p%3s?+ e—2522p°3s?n’l’ 3p=n’l'<8g 2s%2p°3s3l, 1=0,2
25?2p®3s3p+e—2s2p®3s3pn’l’ 3pé<n’l'<8g
2522p®3s3p+e—2s22p°3s3pn’l’ 3pé<n’l'<8g
2522p%3s3p+e—2s22p3pn’l’ 6s<n’'l'<8g
Al-like 2522p%3s?3p+e—2s2p®3s23pn’l’ 3p=n'l'<12  2p%3snl, n=3,5; 1=0,3
2522p®3s23p+e— 2522p®3s23pn’l’ 3p=n'l'<12
2522p®3s?3p+e—2s22p®3s3pn’l’ 5d<n’l'<12i
2522p®3s3p?+e—2s2p®3s3p?n’l’ 3p?<n’l’'<12
25?2p®3s3p?+e—2s%2p®3s3p?n’l’  3p3<n’l'<12
2522p®3s3p2+e— 2s22p®3p2n’l’ 4s<n’'l'<12i
Si-like 2522p%3s?3p?+e—2s2p%3s?3p?n’l’  3p=n'l'<12i 3s?nl, n=3,5; 1=0,3
25?2p®3s?3p?+ e—2522p°3s?3p?n’l’  3p=n’l'<12i 3s3p?
2522p%3s?3p?+ e—2522p%3s3p?n’l’  Ad=n'l'<12i
2522p%3s3p3+e—2s2p83s3p°sn’l’ 3p<n’l'<12
25?2p®3s3pS+e—2s%2p®3s3pn’l’  3pi<n’l'<12

25?2p®3s3ps+e—2522p®3psn’l’

4s<sn'l'<12

P-like 2p®3s23p3+e—2p®3s23p3n’l’ 3p=n'l's4f  3s?3pnl, n=3,4; 1=0,3
2p®3s23p3+e—2pB3s3psn’l’ 3d=n’'l'<10g 3s3p°
2p®3s23p3+e—2p83s23p2n’l’ 6d=n’'l'<10g 3s3p?3d

S-like 2p®3s23p*+e—2p®3s23p*n’l’ 3p=n'l's4f 3s?3p?nl, n=34; 1=0,3
2p®3s23p*+e—2p83s3p*n’l’ 3d=n’'l'<8g 3s3p*
2p®3s23p*+e—2p83s23psn’l’ 5p=<n’'l'<10g 3s3p33d

421")3s3p*n’l” with n’l’ =3s is equivalent to (2)3s?3p*n’l’" with n'l’

=3p (wherek=1,2,3 for Mg-,

Al-, and Si-like argon. Hence there is na’l’ = 3s considered for the former channel.

where 0 <k< 4 for Mg- to S-like argon, respectively.
L-shell excitations contribute to EA from the levels of the
first excited configuration in Mg-, Al-, and Si-like argon ions

via

(21)83s3pk i+ e—(21)83pkTin’l’ +e.

(14)

The first configuration on the right-hand side of Et@) can

contribute to EA from the levels of the ground configuration
through 3—n'l’ excitations or to EA from the levels of the
first excited configuration throughs3p*™1—3s3p*n’l’ ex-
citations, respectively. The excitations in EG4) can only
contribute to EA from the levels of the first excited configu-
ration. The values ofi’l’ considered for each ion are given
in Table Il. The continuum levels formed by the above ex-
citations have been allowed to autoionize to all possible
states of the next ion. Radiative stabilization of the above
levels has been allowed to all possible singly and doubly
excited levels of the initial ion.

2522pf3s3p*ti+e—(217)3s3p  In’l’ +e. (12

Promotion of anM-shell electron has also been allowed ac-
cording to

(21)83s?3p~+e
—[(21)83s3p*n’l" or (21)83s23p* " In'l']+e
(13

and
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C. Atomic structure codes 27ra§
exq i 1) —
The atomic structure calculations in the present work aré” (i—)= Eg ; (2J+1)
done with the graphical angular momentum coupling code o1
ANGLAR [29] and the fully relativistic parametric potential D _ = D 1
codeRrEeLAC of Klapischet al.[30,31. RELAC calculates the XT- 2 INRRINE SR ) E
i dietyed] '

multiconfiguration, intermediate-coupling energy eigenval-
ues of the fine-structure levels. Radiative transition rates are
then computed for any multipole operator requedta?. X
The autoionization rates are found by evaluating the two-
electron Coulomb interaction operator between multicon-
figuration states of the ion with chargeand the ion with  whereJ; andJ; are the total angular momenta for the initial
chargeZ+1 and a free, outgoing electr¢B3] and final levels, respectively;; andT'; represent all other
guantum numbers needed to specify the intermediate-
coupling initial and the final levels, respectively; is the
D i} incident electron energy in Rydbergg, is the statistical
L G<i) Tij weight of the initial level,T; and T; are the orbital angular
momenta of the incident and scattered electrons, respec-
2 tively, andJ is the total angular momentum of the target ion
) (15 plus free-electron system. The two-electron Coulomb inter-
action operator is evaluated, in this case, between multicon-
figuration states of the ion and a free, outgoing electron. The
. ) ) ) . levels of all singly and doubly excited configurations near in
where the statg¥ ) is the multiconfiguration wave function energy to the ground configuration have been allowed to mix
of the initial ion state| W) is the final state in the next ion, \ith each target level. Thus, for example, mixing from
and J =(E7,I7,]) is a free-electron wave function. The (21)83p?, (21)®3p3d, and (2)83d? has been included in
outermost sum in Eq(15) is over the continuum orbitals the calculation of the excitation rate coefficient from the lev-
making up the partial waves of the outgoing free electronels of (2)83s? and (2)%3s3p in Ar®" and mixing of
RELAC uses the factorization technique of Bar-Shalom,1s?2p® has been included in the calculation of the excitation
Klapisch, and Ored28] in Eqg. (15 in order to split the rate coefficient from the levels of st2s?2p in Ar3*,
matrix element into an angular part depending only on thedigher-energy bound states, which are needed for radiative
bound electrons and an interpolation scheme to compute thgabilization of the autoionizing leveldiscussed beloyare
radial integrals very quickly on a grid of free-electron ener-also allowed to mix with each target level.
gies. Details of the procedure and a derivation of the factored
form of the transition operator can be found in R&3]. IV. RESULTS AND DISCUSSION
The programcross[28] of Bar-Shalom, Klapisch, and
Oreg then userELAC's wave functions to compute the cross

2
(16)

30,107 ,J>

A

Z J%T

<~Pf<F,J>TJTMT

X

W (I, 3% MY >

A. L-shell ions

section for impact excitation from energy leveb levelj of The EA rate coefficients from the ground level of the
a given ion in the distorted-wave approximation L-shell argon ions are shown in Fig. 1. The EA rate coeffi-
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FIG. 1. EA rate coefficients for the ground level in edcishell argon ion as a function of temperature.
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cients increase with the increasing number of bound elecshown in Figs. 4-7. For comparison, theshell Ne-like
trons; this simply reflects the increasing cross section fopr8* EA rate coefficient from Fig. 1 is plotted with the
collisional excitation of a bound electron in the ground levelna-like Ar”* EA rate coefficient in Fig. 4. One sees that the

gfﬁeach lon Wri]th irr:creasifngr]] occupancf{c: fl'herfe isha anarkequ -shell ion’s rate coefficient is more than an order of mag-
Ifierence In the shape of the rate coefficient for the Li- and.;;, e larger; the presence of a 8lectron in the Na-like ion

Be-like ions and the remaining B- to Ne-like ions, particu- eans that the promotion of a&lectron results in an au-
larly at low temperatures. The difference in the shape of the '~ ™ promot gole uis u
toionizing level, unlike the Ne-like ion, where onlys2ro-

rate coefficients is due to the difference in characteristic ex=""~" k Sl
citation energies from th&-shell (1s-electron promotions ~ Motions result in autoionizing levelsompare Tables Il and

in the case of Li- and Be-like ions and the-shell ). As with theL-shell ions, the ground-level EA rate coef-
(2s-electron promotions that dominate the EA process in ficient for theM-shell ions is seen to increase from Fig. 4 to
the remaining ions. Fig. 7 with increasing number of bound electrons. This trend

The rate coefficients for EA from the ground and excitedcontinues in the ground level EA rates of P- and S-liké Ar
configurations of Be-like AF*" are shown in Fig. 2. The EA  and Ar2*. The calculated rate coefficients for EA from the
rate coefficients for the levels of the first excited configura-jeyels of the ground and first excited configuration in each
tion in Be-like Ar*** are similar in shape to the rate coeffi- p;_chel argon ion are tabulated in Table Ill. As with the
cients for the ground levels in the B- to Ne-like iofshown L-shell ions, one sees in Figs. 6 and 7 thé\t the EA rate

Icnocle:flf?éi;)r;ttglsngszd-lé?ez?r:ncogrr:]%%it:)%g tl(; E{E‘Z tlgt?ellsEﬁf r{':]tg coefficients for different levels of a particuldrS term in
P some configuration are nearly equal.

first excited configuration that is absent in the EA rate coef- ; : ;

o y The convergence achieved in the calculation of the EA

2:::]?; i?\f 't:r;e %r?:rntdhtlag;elqz\?sgiﬂi)el f-li-rt;(te ;ﬁitrgéecg?;ﬁ'&_ rate coefficient for the Na- and Mg-like argon ions can be

ration are n%arl degenerate; this near degenerac obtgins e in Fig. 8. The running sum of the (2| —n’l") and
y degenerate, \r degeneracy Rl-shell (3s—n’l" in the case of Mg-like A?*) contribu-

all the energy levels of a givenS term in every ion. The EA

rate coefficients for the levels of the ground and first excite lons to EA at each ion's ionization potentidl e = 142 and
configuration in O-like A" are shown in Fig. 3. Again, as 21 eV for Na- and Mg-like argon, respectivei plotted

seen in Fig. 2, the EA rate coefficients in Fig. 3 for all three VETSUS the principal quantum number. It is believed that the

. flatness of the running sums indicates that convergence has
4 3 53

levels of the triplet terms (£2p* P and _252p P) are been achieved. The running sum of the contribution of two

nearly degenerate. For the levels of a give8 term, the

: : o - L-shell channels and oneM-shell channel to the
radial parts of the impact excitation rate coefficients are the2322p63323p 2p ground levels in Al-like AP* is shown in

same[28] and only the angular factors are different. The Be'Fig 9. The contribution of each manifold of levels is com-
and O-like ions have been chosen as representative ions; tt& .

" ; . Gited at the ion’s ionization potentidl,=90 eV. In the
rate_coefficients for EA from the ground and first eXCIIedM_She” contribution (323p—3s3pn’l’) to the ground lev-
configurations in all othek-shell ions look similar. The cal-

culated rate coefficients for EA from the levels of the grounde!s total EA rate coefficients, the sharp increase in the run-

- ) \ T . ning sum fromn’=6 to n’=7 is due to the fact that for
and first excited configuration in eathshell argon ion are , L .
; n’ =5 and 6, the majority of the levels of thes3pn’l’ con-
tabulated in Table IIl.

figurations are below the continuum of the Al-like ion. When
, 74 oy n’ =7, all the levels of the 8p7Il’ configurations are above
B. M-shell ions, Ar'™ to Ar the continuum and can contribute to the EA process. Clearly,
The EA rate coefficients from the levels of the low-lying in the case of Al-like argon th#-shell contribution domi-
configurations in the Na- to Si-likM-shell argon ions are nates the total EA rate coefficient.
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D
[ — T
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FIG. 8. Running sum of the contribution o6Znd 2p (L-shel) excitations to the total EA rate coefficient of the ground levels in Na-
and Mg-like argon ions. Also shown is the running sum of the contributionsaf\8-shell) excitations to the total EA rate for the ground
level in Mg-like argon.



TABLE lIl. EA rate coefficients for the levels of the ground and first excited configurations 1#"Ao
Ar2*. The rate coefficients are given in units of 78 cn® sec . Numbers in square brackets represent

EXCITATION AUTOIONIZATION RATES FROM GROUND. ..

powers of 10, i.e.X[—Y]=Xx10"".

Li-like Ar 15
T, (eV) 1s?2s 23, 1s?2p 2Py, 1s22p 2Py,
200.0 3.36—7] 4.1 -7] 4.3 -7]
300.0 4.98—5] 6.07—5] 6.44 — 5]
400.0 5.89—4] 7.14 - 4] 7.59 —4]
500.0 2.56—3] 3.09 - 3] 3.29 3]
750.0 1.78—2] 2.09-2] 2.23-2]
918.0 3.48-2] 4.14-2] 4.47-2]
1000.0 4.4p—2] 5.37-2] 5.69 —2]
1500.0 1.0B—1] 1.37—1] 1.40 — 1]
2000.0 1.65—1] 2.00—-1] 2.13-1]
3100.0 2.5p—1] 3.10-1] 3.27-1]
4000.0 2.91—1] 3.67—1] 3.84—1]

Be-like Art#*
T. (eV) 1s225? 15, 1s22s2p 3P, 1s22s2p 3P, 1s%2s2p 3P, 1s22s2p 1P,
200.0 7.65—7] 1.31-2] 1.31-2] 1.30-2] 1.54 - 2]
300.0 1.1p— 4] 427 -72] 4.20-72] 4.19-2] 4.71-2]
400.0 1.38—3] 7.39-2] 7.37-2] 7.33-2] 8.04 — 2]
500.0 5.79— 3] 1.04 - 1] 1.04—1] 1.03-1] 1.17-1]
750.0 4.00—2] 1.7 - 1] 1.79 - 1] 1.74-1] 1.8 — 1]
850.0 6.28—2] 2.07—-1] 2.0 —1] 2.04—1] 2.21—1]
1000.0 1.0p—1] 2.57—1] 2.49 —1] 2.47-1] 2.70-1]
1500.0 2.55—1] 3.97-1] 3.87-1] 3.89-1] 429 -1]
2000.0 3.8p—1] 5.19 —1] 5.07—1] 4.97-1] 5.67—1]
3000.0 5.8p—1] 6.87—1] 6.59 — 1] 6.47—1] 7.47-1]

B-like Ar13*
Te (€V) 2s22p 2Py, 25%2p %Py, 2s2p® *Pyp, 2s2p® *Pyp, 2s2p? “Pgp
110.0 1.3p—3] 1.49 —3] 3.47-3] 3.37-3] 3.49-3]
150.0 7.27-3] 8.19 — 3] 1.87-2] 1.81-2] 1.87-2]
200.0 2.30-2] 2.59-2] 5.70—2] 5.63—2] 5.80—2]
300.0 6.701—2] 7.6q - 2] 1.63-1] 1.6 —1] 1.69 — 1]
400.0 1.18—1] 1.2 - 1] 2.6 —1] 2.64—1] 2.70-1]
500.0 1.58—1] 1.74 - 1] 3.5 —1] 3.50 — 1] 3.5 — 1]
750.0 2.48—1] 2.77-1] 5.07—1] 4.94-1] 5.00 — 1]
756.0 2.45—1] 2.79—-1] 5.04 —1] 4.97—1] 5.03 — 1]
1000.0 3.2B—1] 3.5 —1] 5.84 —1] 5.79 1] 5.80 — 1]
1500.0 4.65—1] 4.99 -1] 6.69 — 1] 6.57 1] 6.59 — 1]
2000.0 5.78—1] 6.09 —1] 7.03 1] 6.99 —1] 6.9 1]
3000.0 7.2p—1] 7.50—1] 7.2 1] 7.27-1] 7.1 - 1]
Te (eV) 2s2p® "Dy, 2s2p® *Dg), 2s2p? %Sy 2s2p® 2Py, 2s2p® *Pyp,
110.0 1.00-2] 1.0q - 2] 1.06-2] 1.17-2] 1.23-2]
150.0 5.06— 2] 5.04 — 2] 5.29 — 2] 5.37-2] 5.8 — 2]
200.0 1.50—1] 1.49 —1] 1.54 —1] 1.53 1] 1.67—1]
300.0 4.07-1] 4.07—1] 4.1 - 1] 4.07—1] 4.39—1]
400.0 6.58—1] 6.54 — 1] 6.67— 1] 6.39 — 1] 6.8 — 1]
500.0 8.50—1] 8.53—1] 8.6 —1] 8.11—1] 8.89 —1]
750.0 1.17 1.17 1.20 1.09 1.19
756.0 1.17 1.18 1.20 1.09 1.20
1000.0 1.34 1.35 1.37 1.23 1.35
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TABLE Ill. (Continued.

Be-like Art3*
Te (eV) 2s2p® Dy, 2s2p® *Dgp, 2s2p® %Sy, 2s2p® 2Py, 2s2p® Py,
1500.0 1.48 1.50 1.53 1.34 1.47
2000.0 1.53 1.55 1.59 1.38 1.52
3000.0 1.55 1.57 1.62 1.38 1.52

C-like Art?*
T. (eV) 2s22p? 3P, 2s?2p? 3P, 2s?2p? 3P, 2s22p? 2D, 2s22p? 15,
50.0 4.60—6] 4.84 — 6] 5.41 — 6] 9.97-6] 1.47-5]
100.0 3.48-3] 3.69 — 3] 4.00-3] 6.57—3] 9.27-13]
150.0 2.98—-2] 3.09 — 2] 3.3 — 2] 5.27—2] 7.33-2]
200.0 8.17-2] 8.6 —2] 9.3 — 2] 1.44-1] 1.99-1]
300.0 2.16—1] 2.29-1] 2.47-1] 3.70-1] 5.0 —1]
400.0 3.39—1] 3.59-1] 3.84 1] 579 -1] 7.84-1]
500.0 4.40—1] 4.6 —1] 5.09 — 1] 7.37—-1] 1.01
686.0 5.65—1] 6.00 —1] 6.5 —1] 9.40—1] 1.28
750.0 5.94—1] 6.37—1] 6.89 — 1] 9.8 — 1] 1.34
1000.0 6.76—1] 7.19-1] 7.89-1] 1.12 1.52
1500.0 7.48—1] 7.94—-1] 8.6 — 1] 1.23 1.66
2000.0 7.65—1] 8.1 — 1] 8.97—1] 1.26 1.70
3000.0 7.6B—1] 8.19 —1] 9.04 —1] 1.26 1.70
T, (eV) 2s2p® °s, 2s2p® °D, 2s2p® °D, 2s52p® 3D, 2s2p® %P,
50.0 9.11-6] 5.8 — 5] 6.0 — 5] 5.40 — 5] 7.4 —5]
100.0 6.09— 3] 2.74-2] 2.83-2] 2.59-2] 3.37-2]
150.0 4.90—2] 1.97-1] 2.03-1] 1.84 1] 2.34-1]
200.0 1.34—1] 5.10-1] 523 -1] 4.79-1] 5.9 —1]
300.0 3.44—1] 1.25 1.28 1.16 1.45
400.0 5.30—1] 1.89 1.93 1.75 2.19
500.0 6.80—1] 2.39 2.44 2.21 2.75
686.0 8.58—1] 3.01 3.05 2.76 3.44
750.0 8.99—1] 3.15 3.20 2.89 3.60
1000.0 1.01 3.78 3.80 3.53 4.35
1500.0 1.09 4.13 4.14 3.84 4.73
2000.0 1.11 4.25 4.25 3.95 4.85
3000.0 1.10 4.25 4.25 3.94 4.83
T (€V) 2s2p° P, 2s2p° %P, 2s2p° 1D, 2s2p® 3g; 2s2p® P,
50.0 7.23-5] 6.84 — 5] 1.5 — 4] 1.70-4] 2.07—4]
100.0 3.2p-2] 3.07-2] 5.6 — 2] 6.0 — 2] 6.89 — 2]
150.0 2.27-1] 2.19-1] 3.64-1] 3.94-1] 4.40-1]
200.0 5.81—1] 5.5 —1] 9.04 -1] 9.69—1] 1.07
300.0 1.41 1.36 2.11 2.24 2.46
400.0 2.12 2.04 3.11 3.30 3.60
500.0 2.67 2.57 3.86 4.10 4.46
686.0 3.34 3.21 4.75 5.03 5.47
750.0 3.49 3.36 4.97 5.25 5.71
1000.0 4.19 4.04 5.94 6.35 6.84
1500.0 4.55 4.39 6.40 6.84 7.34
2000.0 4.66 4.50 6.53 6.96 7.47
3000.0 4.64 4.47 6.49 6.90 7.40
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TABLE Ill. (Continued.

N-like Arit*
Te (eV) 2s22p® *Sy, 2s2p° “Dygy, 2s22p® D), 2s72p° ?Py), 2s72p® %Py,
50.0 2.12-5] 4.6 -5 4.69 —5] 9.71-5] 9.83-5]
100.0 9.36—3] 1.73-2] 1.7 - 2] 3.27-2] 3.24-2]
150.0 6.59—2] 1.19 1] 1.17-1] 2.09-1] 2.04-1]
200.0 1.69-1] 2.84-1] 2.80-1] 5.00—1] 5.01-1]
300.0 4.19-1] 6.64—1] 6.80—1] 1.16 1.16
400.0 6.26—1] 9.99-1] 1.01 1.70 1.71
500.0 7.91-1] 1.24 1.26 2.12 2.13
619.0 9.36—1] 1.46 1.48 2.47 2.48
750.0 1.05 1.62 1.64 2.73 2.75
1000.0 1.18 1.80 1.83 3.04 3.06
1500.0 1.29 1.96 1.99 3.28 3.30
2000.0 1.33 2.00 2.03 3.34 3.37
3000.0 1.33 1.99 2.02 3.31 3.34
Te (V) 2s2p” *Pg); 2s2p* Py, 2s2p” Py 2s2p” %Py, 2s2p” “Dy)y
50.0 3.84—4] 4.1 — 4] 4.34—4] 8.19 — 4] 8.30 — 4]
100.0 9.50— 2] 1.0q - 1] 1.09 -1] 1.64 —1] 1.64 —1]
150.0 5.58—1] 5.80 —1] 6.03 —1] 8.87—1] 9.01-1]
200.0 1.28 1.34 1.39 1.99 2.02
300.0 2.83 2.96 3.06 4.23 4.30
400.0 4.08 4.26 4.41 6.00 6.08
500.0 4.99 5.21 5.39 7.25 7.35
619.0 5.75 6.01 6.21 8.28 8.40
750.0 6.33 6.61 6.83 9.05 9.17
1000.0 6.98 7.28 7.52 9.87 1.00
1500.0 7.46 7.79 8.05 1.05 1.06
2000.0 7.58 7.92 8.18 1.06 1.07
3000.0 7.52 7.88 8.13 1.05 1.06
Te (eV) 2s2p* 2Py, 2s2p* Dy, 2s2p* %y,
50.0 1.59—3] 1.2 - 3] 1.44 —3]
100.0 2.62—1] 2.29 1] 2.50—1]
150.0 1.35 1.17 1.29
200.0 2.95 2.57 2.82
300.0 6.15 5.37 5.86
400.0 8.62 7.54 8.21
500.0 1.041] 9.06 9.85
619.0 1.181] 1.091] 1.191]
750.0 1.281] 1.191] 1.241]
1000.0 1.401] 1.271] 1.391]
1500.0 1.481] 1.291] 1.471]
2000.0 1.501] 1.3q1] 1.491]
3000.0 1.481] 1.291] 1.4q1]

O-like Ario*
T, (eV) 2s?2p* °p, 2s%2p* %P, 2s?2p* 3P, 2s?2p* D, 2s?2p* 15,
50.0 3.07-4] 3.27—4] 3.39 — 4] 4.29 — 4] 6.76 — 4]
100.0 6.00—2] 6.31—2] 6.43 — 2] 7.69 - 2] 1.17 - 1]
150.0 3.28-1] 3.39-1] 3.44 1] 4.00 - 1] 5.63—1]
200.0 7.2p—1] 7.59 —1] 7.67—1] 8.84 — 1] 1.22
300.0 1.55 1.61 1.63 1.86 2.55
400.0 2.20 2.29 2.32 2.61 3.57
500.0 2.67 2.78 2.82 3.16 4.32
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TABLE Ill. (Continued.

O-like Art0*
T, (eV) 2s%2p* °p, 2s%2p* %P, 2s?2p* 3P, 2s?2p* 2D, 2s%2p* 15,
538.0 2.82 2.93 2.97 3.33 4.53
750.0 3.37 3.50 3.55 3.94 5.37
1000.0 3.71 3.85 3.90 4.30 5.87
1500.0 3.97 4.12 4.18 4.56 6.24
2000.0 4.03 4.10 4.24 4.60 6.32
3000.0 3.98 4.14 4.19 4.50 6.22
T, (€V) 2s2p® %P, 2s2p°® %P, 2s2p°® 3P, 2s2p® 1P,
50.0 6.11—3] 6.20 — 3] 6.24 — 3] 1.06 —2]
100.0 6.36— 1] 6.40 — 1] 6.4 — 1] 9.2 - 1]
150.0 2.78 2.79 2.82 3.83
200.0 5.61 5.63 5.69 7.51
300.0 1.001] 1.091] 1.1q1] 1.411]
400.0 1.471] 1.471] 1.491] 1.891]
500.0 1.781] 1.791] 1.761] 2.2q1]
538.0 1.811] 1.811] 1.841] 2.291]
750.0 2.101] 2.1q1] 2.191] 2.691]
1000.0 2.211] 2.271] 2.3(1] 2.841]
1500.0 2.301] 2.391] 2.491] 2.991]
2000.0 2.411] 2.411] 2.491] 2.971]
3000.0 2.381] 2.371] 2.471] 2.941]
F-like Ar®* Ne-like Ar8*
Te (eV) 2s%2p° Py 2s%2p° 2Py, 2s2p° %3, Te (eV) 2s%2p° 15
50.0 1.64—3] 1.7 -3 4.49-2] 50.0 6.32—3]
100.0 1.74-1] 1.84 1] 2.28 100.0 3.89-1]
150.0 7.67-1] 8.07—1] 7.93 150.0 1.43
200.0 1.56 1.63 1.43] 200.0 2.67
300.0 3.06 3.20 2.5a] 300.0 4.76
400.0 4.15 4.33 3.21] 400.0 6.21
478.0 4.76 4.97 3.6Q] 421.0 6.44
500.0 491 5.12 3.68] 500.0 7.18
750.0 5.99 6.24 4.33] 750.0 8.47
1000.0 6.46 6.73 4.61] 1000.0 9.02
1500.0 6.79 7.07 4.80] 1500.0 9.31
2000.0 6.84 7.11 4.83] 2000.0 9.27
3000.0 6.69 6.96 4.72]
Na-like Ar’*
Te (eV) 2p°®3s %Sy,
50.0 1.88
100.0 2.601]
142.0 5.571]
150.0 6.101]
200.0 9.161]
300.0 1.342]
400.0 1.602]
500.0 1.762]
750.0 1.972]
1000.0 2.0p2]
1500.0 2.0
2000.0 2.08]
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TABLE lll. (Continued.

Mg-like Ar6*
T, (eV) 3s? s, 3s3p °Py 3s3p °P, 3s3p °P, 3s3p 'P,
50.0 7.28 6.87 6.92 7.06 8.48
100.0 4.311] 3.841] 3.841] 3.841] 4.071]
121.0 6.181] 5.591] 5.491] 5.491] 5.7q1]
150.0 8.471] 7.7q1] 7.591] 7.541] 7.771]
200.0 1.172] 1.072] 1.042] 1.092] 1.042]
300.0 1.602] 1.442] 1.492] 1.492] 1.432]
400.0 1.842] 1.692] 1.692] 1.692] 1.692]
500.0 1.962] 1.832] 1.742] 1.792] 1.742]
750.0 2.162] 2.042] 1.9472] 1.9¢2] 1.932]
1000.0 2.2p2] 2.072] 2.042] 2.042] 1.942]
1500.0 2.2f2] 2.092] 2.042] 2.042] 2.042]
2000.0 2.2p2] 2.072] 2.0q2] 2.032] 1.992]
Al-like Ar 5+
T, (eV) 3s?3p 2Py, 3s23p 2Py, 3s3p? 4Py 3s3p? *Pyp, 3s3p? *Pg)y
10.0 2.40-2] 2.29-72]
25.0 5.57 5.33 1.71] 1.241] 1.411]
50.0 2.881] 2.871] 5.271] 5.271] 5.991]
90.0 6.831] 6.741] 1.092] 1.092] 1.152]
100.0 7.781] 7.7q1] 1.142] 1.142] 1.272]
150.0 1.192] 1.142] 1.612] 1.592] 1.712]
200.0 1.502] 1.492] 1.972] 1.892] 2.012]
300.0 1.872] 1.872] 2.242] 2.2472] 2.342]
400.0 2.082] 2.092] 2.492] 2.412] 2.502]
500.0 2.192] 2.242] 2.592] 2.502] 2.592]
750.0 2.392] 2.332] 2.642] 2.592] 2.692]
1000.0 2.3] 2.372] 2.642] 2.592] 2.642]
1500.0 2.312] 2.392] 2.542] 2.592] 2.5712]
2000.0 2.3(2] 2.302] 2.502] 2.492] 2.4472]
Al-like Ar 5*
Te (V) 3s3p ??Dyp, 3s3p? ?Dsp, 3s3p? Sy, 3s3p® 2Py, 3s3p? %Py,
10.0
25.0 2.701] 2.701] 3.041] 3.171] 3.6711]
50.0 9.891] 1.042] 1.042] 1.042] 1.1472]
90.0 1.742] 1.772] 1.872] 1.692] 1.932]
100.0 1.872] 1.912] 2.012] 1.812] 2.042]
150.0 2.312] 2.492] 2.592] 2.242] 2.572]
200.0 2.682] 2.792] 2.892] 2.542] 2.792]
300.0 3.002] 3.1q2] 3.192] 2.842] 3.072]
400.0 3.142] 3.292] 3.392] 2.972] 3.192]
500.0 3.2(2] 3.312] 3.392] 3.032] 3.292]
750.0 3.292] 3.392] 3.412] 3.042] 3.272]
1000.0 3.112] 3.292] 3.372] 3.012] 3.142]
1500.0 3.082] 3.192] 3.242] 2.892] 3.042]
2000.0 2.9p2] 3.042] 3.092] 2.772] 2.872]
Si-like Ar#*
T, (eV) 3s?3p2? 3P, 3s?3p2 °p, 3s?3p2 °p, 3s?3p? D, 3s?3p? 1s,
25.0 1.661] 1.661] 1.641] 2.091] 3.071]
50.0 6.011] 6.041] 5.971] 7.141] 1.012]
74.0 9.171] 9.191] 9.191] 1.042] 1.442]
100.0 1.162] 1.192] 1.192] 1.392] 1.802]
150.0 1.502] 1.592] 1.542] 1.762] 2.2972]
200.0 1.882] 1.892] 1.892] 2.002] 2.502]
300.0 2.182] 2.192] 2.112] 2.242] 2.792]
400.0 2.212] 2.242] 2.292] 2.412] 2.902]
500.0 2.392] 2.392] 2.372] 2.592] 3.002]
750.0 2.412] 2.392] 2.392] 2.592] 29.72]
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TABLE Ill. (Continued.

Si-like Ar4*
T, (eV) 3s?3p2 3p, 3s?3p2? °p, 3s?3p? °p, 3s?3p? D, 3s?3p? 15,
1000.0 2.4[2] 2.372] 2.372] 2.492] 2.892]
1500.0 2.3p2] 2.312] 2.392] 2.492] 2.812]
2000.0 2.2f2] 2.242] 2.242] 2.337] 2.692]
T, (eV) 3s3p® 5s, 3s3p® °D,; 3s3p°® °D, 3s3p® °D, 3s3p°® 3P,
15.0 8.04 2.28] 2.2q1] 2.241] 3.0q1]
25.0 4.461] 9.9q1] 9.991] 9.871] 1.242]
50.0 1.372] 2.672] 2.632] 2.612] 3.112]
74.0 1.912] 3.432] 3.492] 3.492] 4.092]
100.0 2.382] 3.997] 4.0q2] 3.972] 4.612]
150.0 2.792] 4.512] 4.592] 4.502] 5.192]
200.0 3.082] 4.7712] 4.792] 4.792] 5.402]
300.0 3.352] 4.942] 4.942] 4.942] 5.5q2]
400.0 3.412] 4.992] 5.0q2] 4.972] 5.592]
500.0 3.512] 4.942] 4.942] 4.932] 5.442]
750.0 3.492] 4.772] 4.792] 4.7q2] 5.242]
1000.0 3.38] 4.592] 4.5q2] 4.542] 4.992]
1500.0 3.2 4.2q2] 4.272] 4.292] 4.692]
2000.0 3.082] 3.992] 3.942] 3.942] 4.292]

Si-like Ar**
T, (eV) 3s3p® 3P, 3s3p® 3P, 3s3p® D, 3s3p® 35, 3s3p® 1P,
15.0 2.991] 3.011] 6.541] 6.331] 8.791]
25.0 1.282] 1.242] 2.242] 2.212] 2.842]
50.0 3.102] 3.192] 5.002] 4.892] 5.992]
74.0 4.002] 4.032] 6.172] 6.042] 7.242]
100.0 4.502] 4.672] 6.892] 6.792] 7.992]
150.0 5.182] 5.142] 7.372] 7.392] 8.5(2]
200.0 5.382] 5.412] 7.592] 7.5712] 8.642]
300.0 5.582] 5.5q2] 7.542] 7.612] 8.572]
400.0 5.5p2] 5.592] 7.442] 7.492] 8.372]
500.0 5.452] 5.492] 7.292] 7.342] 8.192]
750.0 5.282] 5.2q2] 6.792] 6.932] 7.632]
1000.0 4.912] 4.992] 6.392] 6.572] 7.192]
1500.0 4.6p2] 4.692] 5.892] 5.992] 6.442]
2000.0 4.212] 4.292] 5.312] 5.432] 5.892]

P-like Ar*
T, (eV) 3s%3p® 'Sy, 3s%3p® “Dyp, 3s%3p® “Ds), 3s%3p* 2Py, 3s°3p® ?Py,
10.0 1.53 3.28 3.40 5.19 511
15.0 1.011] 1.991] 2.0q1] 2.891] 2.811]
20.0 2.531] 4.591] 4.791] 6.511] 6.391]
25.0 4.311] 7.471] 7.7q1] 1.042] 1.032]
50.0 1.152] 1.812] 1.942] 2.472] 2.472]
57.0 1.262] 1.972] 2.092] 2.742] 2.632]
100.0 1.742] 2.542] 2.642] 3.492] 3.372]
150.0 1.962] 2.742] 2.842] 3.642] 3.592]
200.0 2.042] 2.792] 2.912] 3.742] 3.5q2]
300.0 2.082] 2.792] 2.872] 3.642] 3.442]
400.0 2.012] 2.672] 2.802] 3.592] 3.342]
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TABLE lll. (Continued.

S-like Ar¢*
T, (eV) 3s?3p* °p, 3s?3p* °p, 3s?3p* 3P, 3s?3p* D, 3s?3p* 15,
5.0 5.7¢—1] 6.17 1] 6.29 —1] 1.15 2.95
10.0 3.4711] 3.641] 3.691] 5.4q1] 1.042]
15.0 1.292] 1.342] 1.372] 1.892] 3.332]
20.0 2.482] 2.592] 2.572] 3.402] 5.742]
30.0 4.412] 4.6(2] 4.642] 5.902] 9.492]
40.0 5.772] 6.092] 6.062] 7.592] 1.193]
41.0 5.792] 5.972] 6.012] 7.492] 1.173]
50.0 6.592] 6.812] 6.842] 8.472] 1.303]
100.0 8.182] 8.592] 8.542] 1.043] 1.543]
150.0 8.382] 8.792] 8.8(2] 1.033] 1.533]
200.0 8.242] 8.692] 8.672] 1.0q3] 1.493]
300.0 7.842] 8.242] 8.292] 9.472] 1.393]

The total rate coefficient for EA has been calculated for While from Eq.(1) one sees that only energy levels in the
the levels of the ground configuration in the P-like®Arand  continuum formed by a single excitation contribute to the EA
S-like Ar?* ions with the formalism described above. The process, our multiconfiguration atomic structure calculations
RELAC code is highly accurate for calculation of the energy-enable contributions to EA from doubly and triply excited
level structure in highly ionized, heavy elemef®&]. The  states. For Na-like At", all possible doubly excited con-

accuracy of the code increases with increasing importance @fgyrations in then=3 manifold of levels have been included
relativistic effects on the ionic structure and with the increasin  our calculations [e.g., configurations of the form

ing depth of the ionic potential. It is believed that the S—Iike(2|)73p2, (21)73p3d, and (2)73d?, | =s,p]; due to wave-
Ar2* jon is the limit of ions that can be treated accuratelys nction mixing
with RELAC. The EA rate coefficients from the levels of the ’
ground configuration in P-like A" and S-like AP are

reported in Table Ill. Figure 10 shows the total EA rate co-
efficient for each argon ion in the present work computed a

an electron temperature equal to the first ionization energy ir,ﬂ:CIUdecj in the calculation of the EA rate coeffici¢titat is,

7 2 7 7 2 7203
each ion. The EA rate coefficients from the ground levels in"€ (2)73s3p%, (21)'3s3p3d, (21)"3s3d", and (4)'3p
Cl-like Arl* have been computed for Fig. 10, but are notconfigurations have been consideraiyave-function mixing

reported in Table IIl. The regularity of the increase of the@llows these multiply excited states to contribete30% of

pattern of theL-shell ions’ rates and thil-shell ions’ rates then=3 manifold of levels. Since the EA rate coefficient for
with increasing number of valence electrons seen in Fig. 1the four levels of the 83p (°P and 'P) configuration in
are evidence of the validity afELAC’'s wave-function calcu- Ar®" have also been computed, excited states of the form

levels from these configurations contribute
about 11% to the totdl-shell EA rate coefficient through the
n=3 manifold of levels. For Mg-like A?*, doubly and tri-
Ply excited states in thea=3 manifold of levels have been

lations for the AP* and Ar?* ions. (21)"3s3pn’l” and (2)83pn’l’ have been included in our
E T
40 | Al-like (21)°3s?3p 2pﬂz 372 T
7 M-shell contributions \‘ - Ee
o 30 —
S I /
= s/
= | Ve
:‘é 20 3//5,’&—13’ % B 3]
k] [ /
o 7
: o ,
< I 4 842 p.
< 10 I : Allike' (21)°3s“3p P1/2,3/2
o L-shell contributions
%
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principal quantum number

FIG. 9. Running sum of the contribution of thel}33s23p— (21)73s23pn’l’ (L-shel) excitation channel to the total EA rate coefficient
for the 35% 2Py, 3levels in Al-like Ar®*. Also shown is theM -shell contribution to EA through the (3s?3p— (21)83s3pn’l’ channel.
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models; these states are formed by the promotion df ar2 with interaction allowed between all levels with common
3s electron from the (B®3s3p configuration. Even though parity and total angular momentum. Calculations of the over-
the above excited configurations cannot be reached by all EA cross section for Af* agree to between 30% and
single excitation from the ground level, it is found that the 15% with the recent work of Reed and Chdrb.
(21)73s3pn’l” and (2)83pn’l’ configurations are able to Mitnik and co-workers at the Hebrew University in
contribute (a small amountto EA from the ground level Jerusalem in their work on EA in Cji21] and Zn-like[22]

because of wave-function mixing. ions have pointed out that for energy levels with a large
exchange contribution to the level energydfdsad 2S;,
C. Radiative decays between continuum levels and 3%s?4d 'S, in Cu- and Zn-like ions, respectivelyif

The second term in the autoionization branching ratio inc_onﬂguranon interaction with higher-levels along these se-

9 2 912 1 H
Eq. (2) represents autoionization following radiative transi- ries (3d°4snd S, , and Ad°4s"nd *Sy) is neglectedrELAC

tions between energy levels in the continuum and thus re and crossgreatly overestimate the total EA cross section

P; i e
resents an enhancement of the total EA cross section. It Eshrough these energy levels. The Na- and Mg-like ions of

L . . interest to the present work present similar issues. We find
found that radiative decays from a continuum energy l¢vel L >
to all other continuum levels, that the EA rate coefficient through th@Zs3p 2S,, level

in Na-like Ar’* computed at a temperature equal to the ion’s
R ad stab ionization energy is 8.2 10" cm?® sec ! with full ac-

> A =TT (17 counting of Cl and 10.5¢10™** cm® sec ! without the ef-

i’ fect of the highem members of the @°3snp?2S,,, series.
For the EA rate coefficient of the @3s?3p 1S, level in
Mg-like Ar®* computed at a temperature equal to the ion’s
ionization energy, we find 7.2610 ' and 8.80

x 10" cm?® sec ! with and without the contribution of the
highern members of the @°3s?np 'S, series, respectively.
5= A%, (18)  The 2p°®3s3p 2S,, and °3s23p 1S, energy levels in Na-

! and Mg-like ions, respectively, account for 25% and 32% of
the total EA rate through the @®3s3l’ (I'=s,p,d) and
2p®3s23l’ (I'=p,d) configurations with the full CI treat-
ment of the present work and 27% and 35% of the total EA
rate through the g°3s3l’ and 20°3s?3l’ configurations
when CI with highem levels along thé’S,,, and 1S, series
}.? neglected. For the EA rate coefficient through the indi-

idual levels, CI is found to have a strong effect; however,

the sum of the EA rate coefficients through all autoionizing
levels is affected by Cl by=10%.

The levels considered for radiative stabilization of the col-
lisionally excited(continuun) levels can strongly effect the

The autoionization branching ratios of the argon ions inautoionization branching ratios for all the argon ions in the
the present work are sensitive to configuration interactiorpresent work. Reed, Chen, and Moores at Livernid8-15
(Cl). That is, when performing the calculations for the EA in their work on EA in Na-like ions and Mitnilet al.[21,22]
rate from a given level of an argon ion, the branching ratioin their work on EA in Cu- and Zn-like ions have pointed out
for autoionization from a given intermediateontinuum)  that radiative stabilization of the autoionizing levels via de-
level can change by an order of magnitude depending onays to excited bound levels can be dominant over resonant
what type of wave-function mixing with other intermediate stabilization to the ground level. This is seen to be the case in
(continuun energy levels is allowed. ChgB4] reached this the present work; Table IV shows the branching ratios for
conclusion nearly a decade ago. More recently, Teng and Xautoionization from several Na- and Mg-like autoionizing
[17] have demonstrated the effects of Cl on the branchindevels considering only stabilization to the ground level of
ratios of autoionizing levels in Na-like AF . Differences in  the initial ion, considering stabilization to the ground and
the methods of calculation in Ref84] and[17] (multicon-  singly excited nearby energy levels and considering the full
figuration Dirac-Fock with Breit interaction versus Hartree- spectrum of decays to the stable levels in our models. It is
Fock with relativistic corrections, respectivelyesult in  seen from the data in Table IV that decays to the low-lying,
large differences in the branching ratios for autoionizationsingly excited levels near the ground level have the largest
from the Na-like energy levels. Comparisons of the radiativeeffect on the calculated branching ratios. Note that the meta-
and autoionizing transition rates in R¢84] with the data  stable ($3,3s3ps0)7» Na-like level has an autoionization
produced byrELAC in the present work show good agree- branching ratio of 1.000 in every case. For this level, auto-
ment for the strong radiative and autoionizing transitions, butonization probabilities are quite smdbnly a few high an-
large discrepancies for weaker autoionizing transitions. Cargular momentum partial waves of the outgoing electron are
has been taken in the present work to account for CI as fullyavailablg, but the radiative stabilization ratéahich do not
as possible in the autoionizing states of each argon ion. Thysroceed directly to the ground level or to the low-lying, sin-
EA through as many levels in the continuum of each ion agly excited levels near the ground leyake over five orders
possible(Tables | and I} has been computed simultaneously, of magnitude smaller still.

where 'S represents a sum of radiative transition rates

from levelj in the continuum of ior¥ to all levelsf’ below
the continuum

is a small fraction of the total radiative widi]’ljrad from that
level

(I(2-T*9/I %< 0.001. (19
Thus the enhancement of the EA rates for the argon ions i

the present work due to transitions between energy levels i
the continuum is small.

D. Comparison with other calculations
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TABLE IV. Autoionization branching ratio for inner-shell excited levels in Na- and Mg-like argon
(Ground only with only resonant stabilization3l, | =s,p,d) with stabilization to singly excited energy
levels near the ground level, af@8R full) with stabilization to all bound states of the initial ion. The energy
levels are indicated by a series jgfcoupling orbitals, where the first orbital is the inner-shell hole followed
by occupied orbitals, and the total angular momentum of the level written as a subscript after the parenthesis
followed by the calculated energy of the level.

Level name EnergyeV) Ground only 3 (I=s,p,d) BR full

Na-like (ionization potential 142.3 eV

(2p3235%) 3 243.0 0.965 0.965 0.965
(2P1235%) 12 245.2 0.965 0.965 0.965
(2p323s3pP1/2) 372 254.5 1.000 0.780 0.778
(2p323s3P3/2) 772 256.5 1.000 1.000 1.000
(2p3/23s3p12) 52 256.7 1.000 0.881 0.881
(2p323s3pP1/2) 372 257.1 1.000 0.624 0.621
(2p323s3p12) 12 257.6 1.000 0.009 0.009
(2p323s3pP32) 572 258.1 1.000 0.850 0.848
(2p323s3pP3/9) 372 258.5 1.000 0.520 0.517
(2p123s3p12) 12 258.8 1.000 0.327 0.330
(2p1/23s3pP3/2) 372 259.6 1.000 0.669 0.667
(2p3/23s3pP32) 12 259.9 1.000 0.310 0.306
(2p123s3pP32) 52 260.4 1.000 0.593 0.591
(2p1/23s3pP1/2) 312 260.5 1.000 0.276 0.274
(2p123s3p12) 12 261.0 1.000 0.977 0.977
(2p3/23s3pP3/2) 572 265.0 1.000 0.953 0.953
(2p323s3pP3/9) 312 265.9 1.000 0.865 0.864
(2p123s3pP32) a2 267.6 1.000 0.899 0.898
(2p1/23s3pP3/2) 172 267.7 1.000 0.987 0.987
(2p3/23s3pP32) 12 2721 1.000 1.000 1.000

Mg-like (ionization potential 121.5 eV

(2P3235%3p 1)1 247.9 1.000 0.998 0.998
(2p323523P32)3 249.7 1.000 0.987 0.987
(2P3235%3p112) 2 249.8 1.000 0.981 0.981
(2P3/235%3p312)1 250.4 1.000 0.983 0.983
(2p323523pP3) 2 250.9 1.000 0.832 0.832
(2p1235%3p 1)1 252.0 1.000 0.985 0.985
(2p1/235%3p112)0 252.0 1.000 0.985 0.985
(2p1/235%3pP3) 2 252.6 1.000 0.965 0.965
(2p1/235%3p32)1 252.6 1.000 0.978 0.978
(2p323523P32)o 2615 1.000 1.000 1.000

Na-like (ionization potential 142.3 eV

(2p3/23s3d3/9) 1/ 282.1 0.382 0.338 0.371
(2p3/23s3d31) 312 282.4 0.686 0.677 0.673
(2p3/23s3ds) 52 282.8 1.000 0.858 0.857
(2p323s3ds/) o2 283.2 0.000 0.000 0.000
(2p3/23s3d31) 712 283.6 1.000 0.737 0.736
(2p3/23s3d3/) 52 284.0 1.000 0.860 0.859
(2p323s3d32) 312 284.4 0.648 0.445 0.451
(2p3/23s3ds) 712 285.0 1.000 0.648 0.647
(2p3/23s3d3/9) 52 285.4 1.000 0.786 0.784

(2p323s3d3/0) 112 285.7 0.944 0.949 0.943
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TABLE IV. (Continued.

Level name EnergyeV) Ground only 3 (I=s,p,d) BR full

(2p3/23s3ds/5) 31 285.9 0.813 0.778 0.790
(2p1/23s3ds) 52 286.5 1.000 0.887 0.887
(2p1/23s3d3/9) 31 287.0 0.994 0.985 0.987
(2p1/23s3ds/9) 71 287.1 1.000 0.888 0.887
(2p1/23s3ds59) 51 287.5 1.000 0.539 0.537
(2p1/23s3ds5/) 312 287.6 0.999 0.998 0.998
(2p1/23s3d3/9) 312 289.9 0.992 0.992 0.992
(2p1/23s3d3/9) 1/ 290.1 0.993 0.993 0.993
(2p3/23s3ds0) 72 291.3 1.000 0.995 0.995
(2p3/23s3ds) 52 292.2 1.000 0.987 0.987
(2p3/23s3ds/,) 31 293.3 0.998 0.997 0.997
(2p1/23s3d3/) 510 294.0 1.000 0.983 0.982
(2p1/23s3ds9) 1/ 294.0 0.996 0.996 0.996

Mg-like (ionization potential 121.5 eV

(2p323523ds)) 4 279.5 1.000 0.995 0.995
(2p3235%3d32)0 279.9 1.000 1.000 1.000
(2p3»35%3da)) 5 279.9 1.000 0.994 0.994
(2p3/23523d3) 1 280.0 1.000 1.000 1.000
(2p3»35%3ds)) 5 280.3 1.000 1.000 1.000
(2p335%3d3) 280.5 0.999 0.995 0.995
2 s?3d 280.8 1.000 0.992 0.991

Py 5/2)3
2 s?3d 281.7 0.989 0.986 0.986

P3y 5/2)1
(2p123523d3)5) 282.3 0.998 0.991 0.991
(2p1/235%3ds)5) 3 282.5 1.000 0.993 0.992
(2p1/235%3ds)0) 282.8 0.999 0.998 0.997
(2p4»35%3d3)) 283.4 0.996 0.996 0.996
E. Enhancement of direct ionization valence- and inner-shell orbitals are computed ReyAC.

The factor by which EA enhances the rate of direct ioniza-

The rates of impact ionizatiofi26,27 from all of the htion (DI) is given by

energy levels listed in Table Ill have been computed. Bot

valence-shell and inner-shell ionization rates have been con- SFA(T.) +SP(To)
sidered and the contributions have been summed to produce R(To) = em < (20
the total, direct, impact ionization rate. Energies for both the S (Te)
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FIG. 10. EA rate coefficient for the ground level in each i@@mputed at an electron temperature equal to each ion’s ionization
potentia) versus the number of electrons in the outer she#2 for theL shell,n=3 for theM shel).
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whereSP'(T,) is the rate coefficient for direct ionization. For the cases of the Al- and Si-like iortigs. 15 and 15 the
B-like Ar3" and F-like A", the factor by which EA en- ratio R(T,) turns up sharply at very low temperatures due to
hances DI is shown in Figs. 11 and 12, respectively. For théhe dominance of théM-shell EA channelEgs. (13) and
ground levels of these twh-shell ions, it is seen that EA (14)]. The strong enhancement at very low temperatures of
enhances the rate of DI by a small amount, 59R(T,)< the direct ionization rate from the ground level is also seen in
10%. In the Li- and Be-like ions, the enhancement is eventhe P- and S-like argon ions. It is known that the Lotz for-
smaller. The corresponding figure for the levels of the otheinulas used to compute the DI rate coefficients in the present
L-shell argon ions look similar to Figs. 11 and 12. At low work overestimates the direct ionization cross sediha4];
temperaturesT< 1/2 each ion’s ionization potent}alEA  thus data displayed in Figs. 13—16 can be thought of as
from the levels of the first excited configuration can signifi- |g\wer limits on the EA enhancement of the rate of DI. Since
cantly enhance DI and even exceed the rate of DI in the casgyo of the four levels of the first excited configuration in
of the F-like Ar’" ion. The rate of EA also exceeds the rate \iq.jike argon are metastable and the levels of the first ex-
of DI for the levels of the first excited configuration in O-like jieq configuration in Al-like argon are onby 10 eV above
Ar 10t ) S ) the ground level, the contribution of these level to the total
The EA enhancement of direct ionization in Na-like’Ar ionization rate for these ions in the steady staeen for a

is shown in Fig. 13. The enhancement of DI for the groundrg|atively low-density plasmamust be taken into account in

like Ar%" is shown in Figs. 14—16. It is seen that for Na-,
Mg-, and Al-like ions, the rate of EA from the ground level
introduces a large enhancement to the direct ionization rate,
particularly at low temperatures. The low ionization energy
of an M-shell electron in these ions compared to the ioniza- This work was performed under the auspices of the U.S.
tion energy of an inner2electron means that the number of Department of Energy at the Lawrence Livermore National
L- andM-shell excitations that contribute to EA is large. In Laboratory under Contract No. W-7405-ENG-48.
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