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It is shown that the loss of electron scattering flux through dielectronic recombination
can be quite significant for highly charged ions, thus reducing the contribution of autoion-
izing resonances to scattering cross sections and hence excitation rates. This process is
likely to be of importance in analyzing line emission from high-temperature plasmas. De-

tailed calculations are carried out for 0% and Fe**,

Employing the present formulation,

the averaged cross sections for dielectronic recombination may also be computed.

PACS numbers: 34.80.-—1, 52.20.Fs, 52.25.Ps, 95.30.-k

Electron impact excitation (EIE) of positive
ions and dielectronic recombination are impor-
tant atomic processes in laboratory and astro-
physical plasmas. Accurate rate coefficients are
required for diagnostics and other purposes such
as power loss from nuclear fusion reactors, cool-
ing rates for astronomical objects, etc. In re-
cent years electron-ion scattering calculations
for multiply charged ions have shown that the
Rydberg series of autoionizing resonances in the
cross sections often make a large contribution to
excitation rates—resulting in enhancements by
significant factors in comparison with nonreso-
nant calculations.!”* We have carried out exten-
sive calculations (Refs. 3 and 4, referred to as
Papers I and II) for the detailed cross sections
and rate coefficients for a number of heliumlike
ions from Be®’* to Fe***, It was found that the
resonance structures in the cross sections for a
numbers of transitions were large enough to en-
hance the effective rate coefficients by up to a
factor of 5 or more at temperatures close to
those for the maximum abundance of the ions.
This is true of nearly all the weak forbidden tran-
sitions whose line-intensity ratios are particular-
ly important for diagnostics.

Dielectronic recombination (DER) is a process
whereby an incident electron with insufficient en-
ergy to excite a given ionic state, becomes
trapped in an autoionizing level belonging to that
state followed by radiative decay of the excited
state, which usually corresponds to an optically
allowed transition. As the transition probability
is proportional to Z*, it is clear that DER would
become an increasingly important mechanism
with increasing Z. The processes of EIE and
DER are thus related through autoionization (see
the review by Seaton and Storey®). The first cal-
culation of electron-ion scattering cross sections,
taking the effect of DER into account, was carried
out by Presnyakov and Urnov® for O°*, In the

present work we adapt and extend their approach
employing a quantum defect theory formalism de-
veloped by Gailitis” and Seaton,® and thereby com-
pute detailed collision strengths including reso-
nance structures, collision strengths averaged
over resonances, averaged collision strengths
taking DER into account, and, finally, contribu-
tions to the collision strength for DER.

The collision strength is related to the scatter-
ing matrix S as

SLp
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tin by

where S; L; and S; L, are the initial and final tar-
get states, /; and I, are the initial and final orbit-
al momenta of the scattering electron, and SLp is
the total symmetry of the e +ion system with S be-
ing the total spin, L the total orbital angular mo-
mentum, and p the parity of the system. Multi-
channel quantum defect theory (MCQDT) as devel-
oped by Gailitis and Seaton deals with the thresh-
old behavior of the S matrices when a number of
channels are to be considered. For all channels
open one may define a matrix y such that =S
=(@~R)G+R)"', where R is the reactance matrix
which has the advantage of being real and is gen-
erally the quantity that is computed in scattering
calculations. When some channels are open and
some closed, we may partition x as X,,, Xpes» Xcos
and x,., where o and ¢ refer to open and closed
channels, respectively. Diagonalizing the subma-
trix x.., and performing contour integration over
the poles corresponding to the Rydberg series of
resonances below threshold, one obtains the fol-
lowing expression, derived by Gailitis, for the
averaged S matrix elements:
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where n,m refer to closed channels and «, 3 to
open channels. Equation (2) may be expanded as
l2

M 2
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X n=m=1 Z}leny

+2Re(Z} W) (3)
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In deriving (3) we have made use of the unitarity
of the § matrix and the fact that x.. is diagonal,
i.e., 1=[Xuml®=20yXqy|?, wherey refers to all
the open channels. The second term in (3) is a
sum over all the closed channels (M) and repre-
sents the probability of capture Ixanlz into a reso-
nance state corresponding to the nth closed
channel, and subsequent autoionization probabil-
ity |Xasl%/23 4| Xayl®. The last term in (3) repre-
sents interference effects between the closed
channels and is usually quite small. The MCQDT,
partly sketched above, has been incorporated in-
to a computer program® RANAL that analyzes the
reactance matrices and computes detailed and
averaged collision strengths. In atomic units we
may write the autoionizing probability as T',(v)
=2°/21v°%; )| xny (W) ?, where v is the effective
quantum number corresponding to the nth closed
channel and z is the ion charge. The radiative
transition probability is given by T'z(,7) =2(AE ;)
X o (w;/w,)f;;, where AE,; is the energy differ-
ence between the levels i and j (AE;;Z?), w,
and w; their statistical weights, f;; the absorp-
tion oscillator strength, and o the fine-structure
constant. We now replace the pure autoionization
term in the Gailitis expression (3), by a branch-
ing ratio between autoionization and radiative de-
cay. This simply involves the substitution

2 2 2V’ ..
E!x;ryl *Z”Xn'yl + 22 rR(Z’]) (4)
Y Y :

in the denominator of the second term on the
right-hand side of Eq. (3). The levels ¢ and j in
(4) represent the core states of the target ion

(the scattering electron is assumed to be suffi-
ciently far from the core not to be able to perturb
the transition significantly). In the present work
we consider DER corresponding to optically al-
lowed core transitions (forbidden transitions may
also occur). Equation (4) is based on a similar
approach by Presnyakov and Urnov.® The inter-
ference term in Eq. (3) has been shown by Seaton®
to be not very important in practical calculation
and radiative corrections to this last term have
been ignored. With the substitution of (4) into Eq.
(3), the S matrix elements no longer satisfy the
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unitarity condition due to loss of flux into the DER
channels. However, if one takes into account the
recombining electron flux, then it follows from
unitarity and the Gailitis threshold law that the
total scattering and recombination cross section
just below a given threshold must equal the total
cross section just above. If we denote the left-
hand side of Eq. (3) with the substitution (4) as
{|S48|®4, then for an incident channel a and out-
goiny channel 3,

<|So¢6|2>—<|Sa6|2>d=zb><|sablz>DER (5)

where the right-hand side represents the proba-
bility of recombination to the final e +ion bound
states b, and is related to the DER collision
strength averaged over contributions from reso-
nances below threshold.

The scattering calculations are described in
detail in Paper I. We solve the e + ion scattering
problem in the distorted-wave (DW) approxima-
tion in which the coupling between states, other
than the initial and the final, is neglected (for
heliumlike ions the DW results are in very good
agreement with the close-coupling results, ~ 10%).
We include the ground state and all the excited »n
=2 states, i.e., 1'S, 235, 2%p°, 215, 2'P°, in the
e +ion wave function expansion. The energy range
of interest in this work includes the region up to
the n =2 states, where we use MCQDT in order
to analyze the resonance structures. Calculations
are carried out for the R matrices in the region
just above the 2'P° state where these matrix ele-
ments are found to be fairly smoothly varying.
Extrapolation of the R matrices to energies be-
low the n =2 thresholds yields the detailed colli-
sion strengths with resonances, according to the
following expression®:

Eoo :Eoo< _Rioc<(l__2cc< +tanyc)- 11_?'co<7 (6)

where R is the reactance matrix below threshold
where some channels are open and some closed.
The superscript “<” indicates that these matric-
es are obtained by making an analytic continua-
tion of the R matrix computed above threshold, to
energies below. The Gailitis averaging procedure
as described in the previous section yields the
averaged collision strengths from the extrapolat-
ed R matrices. We consider inelastic transi-
tions from the ground state 1'S to the n =2 states
and compute the effect of recombinations followed
by the allowed core transition 2'P°~ 1S, Thus
we allow for the radiative decay of autoionizing
states of the type 2'P°l that occur as resonances
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in the collision strengths for the inelastic transi-
tions 1'S 235, 1'S-23pP°, and 1'S -2%S, The ra-
diative probabilities are computed from the most
accurate oscillator strengths available: f(2'S
-2'P°)=0.703 for Fe*** (Wiese'!) and 0.694 for
0%*,2 The energy difference AE (2'P° - 11S) is
11.3159 a.u. for O°* and 244.0114 a.u. for Fe®*
(Paper I). It is known from our earlier scattering
calculations that nearly all the contribution to the
collision strengths for the above transitions is
from partial waves [;,1,<4 [Eq. (1)] (contributions
from /;,1,>4 are less than 5% of the total and are
neglected). The symmetries of the e +ion system
(denoted by SLp) corresponding to the partial
waves included are S, ?P°, ®D, ®F°, and °G. Cal-
culations are carried out at two or three energies
just above the 2'P° threshold and the R matrices
obtained are analyzed using the program RANAL
(modified to include the branching between auto-
ionization and radiative decay). In the energy re-
gion E (23S) - E (2°P°), the total inelastic cross
section is simply the cross section for the transi-
tion 1'S - 23S with resonances of the type 23P%i,
2'Sul, and 2'P°ul; whereas in the region E (21S)

—~ E(2'P°) we have three transitions to consider:
11 - 235, 15 -2%p°, and 1'S -2%S, all with reso-
nances of the type 2'P°l in their cross sections.
The region E (2°P°) = E (2'S) is small and is not
considered.

In Fig. 1 we present some results for electron
scattering with O%* and in Fig. 2, for Fe***, Each
figure consists of three plots: (i) the detailed col-
lision strength showing resonance structures
present; (ii) the collision strength averaged over
resonances, (), and (iii) averaged collision
strength allowing for radiative decay, (€),. The
difference between the () and the (Q), thus repre-
sents the decrease in the resonance enhancement
of the inelastic cross section due to radiative de-
cay of the autoionizing ‘states 2'P°nl. It may be
seen that this decrease is quite significant and is
a measure of the incident electron flux that goes
into dielectronic recombination. The averaged
collision strength for DER may now be computed.
For example, in the energy region E (2'S) —E (2'P°),
the DER collision strength (2pgg) is given by

(Qpgr 2*P°nl - 1'Snl))
= E [<Q(118 - S.'L,‘» -<Q(lls - SiLi»d]’ (7)
Si Li
where S;L; =2°S, 2°P°, and 2'S. Just below the
2'P° threshold (Qpgz) must be equal to Q(1'S - 2'P°)

extrapolated from just above 2'P°, as the flux go-
ing into the open 2!P° channels is equal to the flux

previously (below 2'P°) trapped in the closed chan-
nels 2'P°%l and going into DER. Also at the 2'P°
threshold, each of the (2(1'S-S,L,)), continues
smoothly over to 2(1'S - S;L;) above the threshold
[Figs. 1(b), 1(c), and 2], i.e., there is no Gailitis
jump. This is because the resonance states just
below 2'P° have very long lifetimes and decay
radiatively. As the nuclear charge increases the
ratio of the radiative to autoionization probabil-
ities behaves as Z*(av)®. Thus the ratio I'p/T,

is considerably larger in magnitude for Fe?**
than for O°*. We compute I'y/T, = @71v%/2%)Ty/
20 yIXayl?, at the energy £*=E(2'S) (where v=8)
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FIG. 1. Collision strengths for electron impact ex-
citation of 0°*: (a) transition 1's — 23 , energy range
E(2%)—E(23P°); () transition 1! —2°S, energy range
E@!S)-E@2!P°); (c) transition 1'S ~2'S, energy range
E@2's)-E(@'P°).

81



VOLUME 47, NUMBER 2

PHYSICAL REVIEW LETTERS

13 Jury 1981

—2's 2' PO

o~ o
o)

* (e+Fe?*), Q' s-235)
0.1

€
,,,,,,,,,,, L
@ Q- )
| |
%0 0 1.0

5
[k(2's)]? — RYDBERGS

FIG. 2. Collision strengths for electron impact ex-
citation of Fe? ", transition 11S — 235, energy range
E@!s)-EQ'P°).

and again at an energy just below E (2'P°) for
Fe***, SLp =S. We find that I'z/T", = 60 at the
former energy and > 1000 at the latter [on the oth-
er hand, this ratio is found to vary only from 0.1
to 0.36 for O°* at energies between E (23S) and
E(2°P°)]. The effect of this is clearly seen in Fig.
2 where we find that the (2), coincides almost ex-
actly with the background collision strength for
11S - 23S in the energy region shown, i.e., there
is no resonance enhancement of the cross section.
Another way to interpret this result is that the
autoionization states shown in Fig. 2 would not be
seen experimentally in the scattering cross sec-
tions, since their radiative probability is much
higher than their autoionization probability.
Finally, we note that the effect of DER is found
to be considerable and we estimate from the fig-
ures given that the effective cross sections could
be reduced by about 10-30% due to the decrease
in the resonance enhancement from autoionizing
states. Work is in progress on a number of as-
pects of the present topic, in particular, on the
effect on excitation rates (Paper II), DER through
the forbidden levels, ' departure from LS coup-
ling'® and computation of the DER cross sections
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(including the elastic scattering region). We
might point out that calculations or experiments
for DER cross sections have not yet been done,
though some experiments are now in progress.™
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