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ABSTRACT 

Resonant electron capture and elastic scattering cross sections and rate 
coefficients of the ground state (3s 2 3p)2 P of AI-like p2+ and S3+ are calculated at 
low energies (ee < 0.65 Ry). Explicit calculation of Auger and radiative transition 
probabilities are evaluated at low n (n < 11), and extrapolated to high n-values. 
These probabilities were calculated using single configuration non-relativistic 
Hartree-Fock wavefunctions in LS coupling. We averaged the cross sections over 
an energy bin of width !lee = 0.01 Ry. The resonance elastic scattering cross 
sections are 4 to 6 orders of magnitude larger than the capture cross sections, 
mainly because of the smallness of the fluorescence yields of the resonance levels. 
The resonance elastic scattering cross sections are found to decrease with 
increasing the atomic number in a given isoelectronic sequence. 
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RESONANT ELASTIC SCATTERING AND ELECTRON CAPTURE BY 
AI-LIKE p 2+ AND S3+ IONS AT LOW ENERGIES 

1. INTRODUCTION 

Resonance excitation, which combines both reso­
nant excitation and resonant elastic scattering, is the 
complementary process to dielectronic recombina­
tion, and the latter is of major importance in radia­
tion cooling of high-temperature plasmas. The 
probabilities of these processes are related by [1] 
PDR + PRE 1. In order to make a precise description 
of the behavior of such plasmas, accurate estimation 
of the DR, RE, and other processes rate coefficients 
for many different ions is needed. 

The dielectronic recombination process involves 
an initial excitation capture in going from an initial 
state i to one of the intermediate states d, such as 

this is followed by a radiative decay of the intermedi­
ate state d to a final state f, 

(3s 3p2) n I (d) -?- (3s 3p2) n' I' (f) + (n I-?- n' I'), 

(2) 

while in the resonance excitation, the initial process 
is followed by emission of an Auger electron, 

(3s 3p2) n I (d) -?- (3s 3p2) (f) + k~ I~ (3) 

(Explicit reference to the core electrons of AI-like 
ions is omitted for simplicity). 

In this paper we investigate the intermediate meta­
stable series for AI-like ions such as (3s 3p2tP n I 
which are close to the ground state (3s23p)2 P. 
The processes treated in this paper are relatively 
simple mainly because (i) there is only one Auger 
channel (3s 3p2 n I-?- 3s23p ke Ie), and (ii) the 
radiative transition probabilities (A r) are dependent 
on the outer electron due to the forbidden transition 
of the core, this means that high Rydberg states 
contribution (n > 30) are small and negligible 
because of the well known scaling of An Ar IX lIn 3

• 

In Section 2 we briefly summarize the theoretical 
procedure employed in the evaluation of the DR and 
RES cross sections and rate coefficients. In Section 3 
we present the results of our data, followed by a 
conclusion in Section 4. 

2. THEORETICAL PROCEDURE 

The details of the theoretical procedure used 
in the present work are covered in full in previous 
publication by Hahn, and Hahn and LaGattuta 
[2, 3]. Therefore, only a brief summary of the main 
assumptions is presented. 

We define an energy-averaged [4] cross section 
O:DR, and o:RES 

(4) 

(5) 

where v: is the radiationless excitation capture 
probability which is related, by detailed balance [5], 
to the Auger emission probability Aa(d-?-i) by
v: = (gd/ 2g;) Aa(d-?-i), where gd and gj are statis­
tical weights of the intermediate and initial states, 
respectively. Here ao and To are the Bohr radius and 
atomic unit of time. ee is the energy of the incident 
electron, and ~ee is a small energy bin which is 
chosen arbitrary but with the requirement that it is 
small compared with the actual experimental contin­
uum electron beam width. Z(d) = Aa(d-?-i)/f(d) 
and w(d-?-f) = Ar(d-?-f)/f(d) are the partial 
Auger and fluorescence yields of the state d, respec­
tively. Ar is the radiative transition probability. 
f(d) = ~i Aa(d-?-i) + ~f Ar(d-?-f) is the total 
width of the intermediate state. In general, the rates 
(iDR, and (iRES are given by [4], 

-DR_ (41T(RY) )3/2 3 . 
a - kT(Ry) ao Va(l-?-d) w(d) exp(~eJ/kT, 

(8) 

41T(RY) )3/2 3 .(iRES 
( kT(Ry) ao V:(l-?-d) Z(d) exp( -ee)/kT. 

(9) 
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In general, the cross sections (TOR, (TRES and the rates 3. RESULTS AND DISCUSSION 
(i0R, (iRES are related by [3]: 

DR and RES cross sections and rate coefficients 
kT for AI-like p2+ and S3+ for the intermediate metasta­

(TOR = (4.06 x 10-9 ) (R )3/2 eX ) (i0R, (10)P(e1kT
ble state series (3s 3p2)4 P n I were evaluated in LS Y ec ec 
coupling. The cross sections o:OR and o:RES in units 
of cm2 for p2+ are given in Table 1 as a function of 
ec(Ry). As shown in Table 1, O:RES are greater than 
(TOR by a factor of 106• For S3+ ion, the cross sections 

Cowan's code, in single-configuration Hartree­ O:0R(cm2) and O:RES(cm2) are tabulated in Table 2, 
Fock approximation and in full LS coupling, was the o:RES is still larger than (j=0R by a factor of 104

• In 
used in the calculation of the transition energies as Figures 1 and 2, the log 10 of the rate coefficients in 
well as the relevant A a and A r needed in the evalua­
tion of the DR and RES cross sections. Data tables 2Table 2. Values of (iDR and (iRES in Units of cm
[6] were used to adjust energies, wherever possible. 

versus ee(Ry) for the Intermediate Metastable Series
This is important, especially when the transition 

(3s 3p2)4p n I of S3+, aee = 0.01 Ry. Powers of 10 are
energies are small. Cowan's code was used to 

shown in Parenthesis.
evaluate energy levels for all intermediate states with 

(TOR (cm2) (TRES (cm2)n < 10. Auger transition probabilities, Aa require 
both bound and continuum wavefunctions. The 

0.06 1.96 ( -19) 1.95 ( -16)
continuum wavefunctions were generated [2, 3] by 

0.10 1.73(-20) 2.43 ( -15)
a distorted-wave method using the Hartree-Fock 

0.23 2.96(-21) 7.86(-16)potential. 
0.25 4.71 (-21) 5.05(-16) 

2 0.28 2.87(-20) 3.86(-17)Table 1. Values of (iDR and (iRES in Units of cm
0.30 3.33( -21) 3.76( -16)versus ee(Ry) for the Intermediate Metastable Series 
0.37 5.28( -22) 2.58( -16)(3s 3p2)4p n I of pH, aee =0.01 Ry. Powers of 10 are 
0.38 1.87 ( -21) 1.75(-16)shown in Parenthesis. 
0.39 1.23(-20) 1.97 ( -17)

ec(Ry) (TOR (cm2) (TRES (cm2) 
0.40 1.51(-21) 1.49 ( -16) 

0.01 3.20( -20) 5.98( -14) 0.44 4.41(-25) 1.24(-16) 
0.19 3.45 ( -21) 1.44 ( -15) 0.45 1.05 ( -21) 8.61(-17) 
0.21 1.36( -20) 1.51 (-15) 0.46 6.72( -21) 1.18(-17) 
0.24 1.13 ( -21) 1.25(-15) 0.47 8.72( -22) 7.82(-17) 
0.26 1.82(-28) 1.86(-17) 0.49 2.67( -25) 7.08( -17) 
0.32 1.02 ( -21) 3.58( -16) 0.50 4.77( -21) 5.89( -17) 
0.33 3.05(-21) 5.08(-16) 0.51 1.03(-21) 8.21(-17) 
0.34 4.55(-22) 4.05( -16) 0.52 3.94( -22) 3.28(-17)
0.35 4.87( -29) 1.13(-17) 0.53 3.07(-21) 7.58( -17)
0.38 5.57(-22) 1.54 ( -16) 

0.54 5.45( -22) 7.47 ( -17)
0.39 1.49 ( -21) 2.40(-16) 

0.55 2.49 ( -21) 7.16( -17)
0.40 2.49( -22) 1.97(-16) 

0.56 1.93(-21) 4.51 (-17)
0.42 1.19(-21) 2.17(-16) 

0.57 1.38(-21) 4.47(-17)
0.43 1.55(-22) 1.11 (-16) 

0.58 1.24(-21) 5.88( -17)0.44 9.24(-22) 1.69 ( -16) 
0.59 1.07 ( -21) 5.03(-17)0.45 4.36( -22) 2.00( -16) 
0.60 1.60 ( -21) 4.18(-17)0.46 8.81 (-22) 1.84(-16) 
0.61 8.67(-22) 2.56(-17)0.47 6.09( -22) 1.45( -16) 
0.62 9.70( -22) 1.71 (-17)0.48 5.50( -22) 1.36(-16) 

0.49 3.62(-22) 6.58( -17) 0.63 9.54(-22) 7.53(-18) 

0.50 1.05 ( -22) 1.67(-17) 0.64 6.49 ( -23) 1.27(-19) 

Total 6.22( -20) 6.71(-14) Total 3.01 (-19) 5.99( -15) 
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Figure 1. Log10 (iDR and Log 10 (iRES in Units of cm3/s as 
Functions of Log 10 kT (Ry) for P+. 
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Figure 2. Log1O (iDR and Log1O (iRES in Units of cm3/s as 
Functions of Log 10 kT (Ry) for sJ+. 

units of (cm3Is) for p2+ and S3+ are plotted as a 
function ofloglOkT(Ry). For p2+ the rates peak near 
kT= 0.001 Ry, with the values 0.25 x 10-12 cm3/s, 
and 0.48x10-6 cm3/s for DR and RES, respectively. 
For S3+ the rates peak near kT 0.01 Ry, with the 
values 0.82 x 10-12 cm3Is and 0.11 x 10-7 cm3Is for 
DR and RES, respectively. The rate coefficients 
of p2+ decay much faster than those of S3+. The 
sudden drop in the DR cross sections of p2+ at the 

continuum energies ec=0.26 and 0.35 Ry, are mainly 
due to the smallness of the radiative transitions 
probability of the intermediate states (3s 3p2) 4/ 
and (3s 3p2) 5/, respectively. 

Due to the unitary nature of the mixing matrix, 
the total cross sections are generally much less 
sensitive to the mixing (in order of ± 10% change), 
although the individual states are sometimes very 
much affected by it. The dependence of our results 
on the coupling scheme used is also very weak in so 
far as the total is concerned. That is why we neglected 
these and other possible complications in the present 
calculations. 

4. CONCLUSION 

We have calculated DR and RES cross sections 
and rate coefficients for the intermediate metastable 
state series (3s 3p2)4 P n I of AI-like p2+ and S3+. 
Explicit cross sections are listed in Tables 1 and 2 as 
a function of ec(Ry). Figures 1 and 2 display log 10 of 
the rate coefficients as a functions of log 10 kT(Ry). 
The RES are larger than DR by an order of magni­
tude [4-6]. DR cross sections and rates increase 
with increasing atomic number in a given isoelec­
tronic sequence; unlike in DR, the RES cross sec­
tions and rates decrease with increasing atomic 
number in a given isoelectronic sequence. Similar 
work for DR and RE is in progress to study the main 
behavior of the cross sections and rates for different 
ions in the AI-like sequence. 
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