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The role of resonances in electron-impact excitation of highly charged ions is examined and some
methods are described in order to take account of autoionization and dielectronic recombination.
The intermediate-coupling calculations of paper I are extended to include these processes and effec-
tive collision strengths are obtained. Results are presented to illustrate particular features in a num-

ber of transitions in Fe + and Mo +. Resonance analysis is carried out employing numerical inter-

polation techniques and multichannel quantum-defect theory, employing reactance matrices in

nine-state close-coupling and distorted-wave approximations. It is shown that all three effects con-
sidered in the present study, departure from LS coupling, resonance enhancement due to autoioniza-
tion, and reduction in autoionization enhancement due to dielectronic recombination, can be of con-
siderable importance in the cross sections of highly ionized systems. In the high-Z ions of the heli-

um isoelectronic sequence the contribution of autoionizing resonances remains large even after all

probable radiative channels are included, although the net autoionization effect decreases with Z.

I. INTRODUCTION

In an important paper, VIIth in the series of papers on
the quantum-defect theory, Seaton' extended the mul-
tichannel quantum-defect theory (MCQDT) to the
analysis of resonances in electron-ion scattering cross sec-
tions. The theory given also included a description of the
formulation due to Cxailitis for analytic integration over
Rydberg series of poles in the scattering matrix, corre-
sponding to series of resonances below the threshold, or
thresholds, of convergence, leading to an expression for
the resonance averaged cross section. Seaton also showed
that, in the limit of large Z, the resonances approach a 5-
function form, the integration over which yields a contri-
bution of the same order as the nonresonant contribution.
Thus, we expect that the ratio of the resonant to non-
resonant parts of the cross section, i.e., resonance enhance-
ment relative to the background, should approach a con-
stant. The study of resonance effects along an isoelectron-
ic sequence, by Pradhan, Norcross, and Hummer (PNH,
Ref. 4 of paper I) and the present one, indicates exactly
such a pattern as similar factors of resonance enhance-
ment are obtained for a given transition along the helium
sequence. However, resonances arising from autoionizing
states embedded in the continuum are not the only process
to consider when the cross sections of highly charged ions
are concerned. It was shown by Presnyakov and Urnov
that for multiply charged ions the autoionization (AI) ef-
fect would be mitigated by the onset of radiative decay of
the resonance states as the radiative probability i.ncreases
as Z (only allowed transitions are considered for the mo-
ment; other types of transitions are also discussed later).
Therefore, whenever the radiative probabilities begin to
coIIlpctc with AI, thc dlclcctl'onlc rccomblnatlon (DER)
process would occur and its effect on the total cross sec-
tion should be taken into account. Employing the

MCQDT and the fortnulation by Presnyakov and Urnov,
Pradhan calculated the effect of DER in reducing AI rel-
ative to the background cross sections, for O + and
Fe +. These calculations were, however, carried out in
I.S coupling which, as discussed in paper I, is not valid
for a number of transitions in highly charged He-like ions.
Therefore, the AI and the DER effects must be considered
in an IC scheme. The computational procedure by
Saraph has now been extended to incorporate all three
processes. In the present work we investigate the net ef-
fect on the collision strengths and compute final effective
values, taking account of detailed resonance structures.

II. THEORY

Numerical and analytical techniques based on the gen-
eral theory of resonances and MCQDT are employed in
order to analyze completely the resonances present in mul-
tichannel electron-ion scattering. The asymptotic
behavior of the radial wave functions of the scattering
electron [Eq. (lb) of paper I] may be expressed in terms of
the reactance matrices R as

R — k '~ [(sing)I+(cosg)R],

where g is the regular Coulomb phase (k and g are diago-
nal). The R Inatrices have the advantage of being real as
opposed to the scattering matrices S which are complex.
As the zeros of the Jost function in the complex p plane
are simple, in the vicinity of an isolated resonance we may
write the 5 matrix as

iCS=I——
(E Eo+i I /2)—

where the pole position is Eo —iI /2; Eo lies on the real
axis and I' ( & 0) is the deviation along the imaginary axis
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Cg~ — CI CJ

(only the positive sign may be retained). Since

R =i(l —S)(l+S)
close to the resonance we obtain

(3)

(4)

(resonances correspond to the poles in the lower half of
the second Riemann sheet in the E plane. It may be
shown that the residue matrix C (C =I'C) is Hermitian
and that its elements may be factorized as

&
I sij I

'& =
I xi, I

'+ g '" "' ' ™,
n, m l +nn+nm

(9)

where the matrix X=S=(il—R )(il. +R )
' for all chan-

nels open and may be partitioned as in Eq. (7) in the re-
gion of some open channels and some closed (indices i,j
refer to open and n, m refer to closed channels). Equation
(9) may be simplified as

R =R+- C
(E Eo)

(5)
s,, I'&= Ix,, I'+ X

n =i I Xnk I

where R& is a slowly varying background term that may
be expressed by a polynomial in energy. Finally, using (3)
the individual elements may be written as

XinXnj Xim Xmj+2 Re
n, m 1 XnnXmm

num

(10)

R j(e)= gake
k

(6)

where c; cj are factors of residue at pole energy Ei. Com-
paring Eqs. (5) and (6) it is seen that the product c;cj must
now be negative.

In the region of some closed channels, one may make an
analytic continuation of the R matrix which may then be
partitioned as

where & is the analytic continuation and oo refers to
open-open, oc to open-closed, etc. Seaton has derived
(Ref. 1), in the region below threshold with resonances,
the R matrix to be given by

R =g —9F,[tan(m. v, )I+9t', ] '9F, , (8)

where v, is the effective quantum number in the closed
channels. Eisner and Seaton make a first-order Taylor
expansion in (8) about the resonance energy E'o' and
thereby obtain the same expression, Eq. (6), for numerical
interpolation in the resonance region. Resonance profiles
for a complete Rydberg series may now be obtained.

In the region below threshold, Gailits (Ref. 2) has
shown that the resonance averaged S matrix is given by
(see also Ref. 1)

Equations (9) and (10) are derived after diagonalizing
the submatrix X„and making use of the unitarity of the S
matrix, i.e.,

1 —
I X- I

'= X IX.k I',
k

where k refers to all remaining open channels in the re-
gion below threshold. The sum in Eq. (10) extends over
all M closed channels and represents the probability of
capture IX;„ I

into a resonance state, corresponding to
closed channel n, and the probability of subsequent decay
through autoionization,

Q IX.k I' '

k

into open channel j. The third term in Eq. (10) represents
interference effects between closed channels and is usually
small, particularly for highly charged ions. In Ref. 4 Eq.
(10) has been modified to include the branching between
autoionization and radiative decay, and the role of DER
in the scattering process is investigated in the I.S coupling
scheme. In the present work we transform the R matrices
to a pair-coupling scheme as described in paper I (Sec. II)
and the X matrices in IC are computed. Equation (10)
may now be written as

M
& I sij I

'&~=
I xij I

'+ X
2&Vg IXnk I + g 2 I'nb(Snzn~n-SbLbJb)

k b

XinXnj XimXmj

l —X'„„X'
n+m

In Eq. (11) the sum over the radiative probabilities I „b
is for all transitions that may occur between the core
states associated with the closed resonance channel n and
the bound or quasibound channel b. In other words, we
include (and later show) that in addition to "primary"
DER, i.e., direct recombination to the ground state of the
recombining ion, transitions may also take place between

resonance channels associated with different core states,
provided the radiative transition probabiHty is sufficiently
competitive with autoionization and the primary mode of
stabilization. We refer to the latter process as "secon-
dary" DER and the implication is that in scattering with
highly charged ions involving excited complexes, final sta-
bilization of the recombining electron would involve a ra-
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diative cascade mechanism via a series of autoionizing
states belonging to core states of different complexes. The
spectator electron is assumed to have the same quantum
numbers nlj throughout the recombining process. If we
assume the analytic continuation of the S matrix below
threshold to be constant, then the energy variation of the
averaged DER contribution (or the averaged DER cross
section; see Ref. 4), results from the 1/v decrease of the
autoionization probabilities along the Rydberg series.

The second term on the right-hand side (rhs) of Eq. (11)
may be further subdivided if we consider the fact that
nondipole core transitions have sma11 decay probabilities
compared to dipole transitions. Then we write the second
term as

I &'
I

'
I &'p I

'
n g l&nk I'+ XI'D(S.L.I. SbLbJb)

+ g I& k I

'

where n' indicates the sum over closed channels with
available dipole transitions n'~ b. If the radiative proba-
bility I D is much higher than the autoionization probabil-
ity, the first sum may become very small and the remain-
ing resonance enhancement in the cross section would re-
sult from the second sum, i.e., through closed channels m
that do not have an associated dipole core transition to
lower states.

III. CALCULATIONS

In the present approximation including nine LS states
in the eigenfunction expansion, resonances are present in
the cross sections for transitions involving the n =2 states.
The energy region of interest is from the excitation thresh-
old to the n =3 levels. Some resonance structures are
present in the region in between the various n =2 states;
however, this range is too small to be of practical conse-
quence (LS coupling resonance calculations for Fe
have been carried out by PNH in this region). The dom-
inant resonance contribution comes from the large energy
range between the n =2 and the n =3 levels and it is here
that we analyze the resonance structures in detail. Nine-
state cc calculations were done for Fe +, l &4, at a few
energies above the n =3 states. All other calculations are
in a nine-state DW approximation.

The MCQDT analysis of resonances sketched in Sec. II
would not yield the structure due to the lowest group of
resonances corresponding to equivalent (not Rydberg)
electron orbitals, e.g., 1s3/ . Therefore, the calculations
are divided into two parts: (i) direct computations of IC
collision strengths at a large number of energies in the
range covered by the ls3131' group of resonances and (ii)
MCQDT calculations for the detailed resonance structure,
and averaged contributions, in thc remainder of Qlc region
up to the n =3 levels. Following is a brief description.

A. 1s 3f 3l' group of resonances

PNH (see their Table IV) have calculated the positions
of these resonances from an atomic structure calculation
for the bound states of the (e plus ion) system [Eq. (3) of
paper I]. LS coupling calculations are first carried out for
Fe + to obtain R~~ at a number of energies from 500 to
515 Ry. The lowest 1s3l3l' type resonance is 1s3s at
506.26 Ry and the highest is 1s3d at 511.32 Ry. Alto-
gether there are 12 such resonances in this group. The
R~~ for all symmetries SLm arising from l, l' &4 are then
transformed to pair-coupling and IC collision strengths
are obtained as described in paper I. Resonances corre-
sponding to l ~ 4 are not considered in this work as these
belong to n & 5 and therefore lie close to the threshold of
convergence. In fact, there are within the last one fifth of
the energy difference AE„between the n =2 and the n =3
complexes and, as shall be seen later, these high-n reso-
nances would largely undergo radiative decay and not
enhance the excitation cross section significantly. The
A~~ for the total SI.m states corresponding to resonances
are numerically interpolated using the fitting form given
by Eq. (6) and the parameters of fit, ak, c;, and E~, are
determined. Transformation from I.S coupling to IC im-
plies that the resonance structures in the IC collision
strengths correspond to the total Jncontinu. a (e.g., to the
closed channels of Table III in paper I); although we do
not explicitly label the fine structure of the individual res-
onances.

&. Rydbcrg resonances

For resonances ls3lnl' (n & 3) we employ MCQDT for
computing both the detailed profiles and the resonance
averaged collision strengths. The individual 5 matrix ele-
ments below threshold are given by (Martins and Seaton )

S,, ( )=vy;, —QX;„(X„„—e ' ") 'X„p,

where the 7 matrix elements are ihe analytic continuation
from above threshold. The energy E is expressed in terms
of the variable effective quantum number
v(E) =z/(E„E)', where Z—„ is the threshold of conver-
gence. In the present calculations the structures due to
the group of resonances labeled 1s3l4l' are computed
from Eq. (12).

The Gailitis averaged collision strengths (fl) are com-
puted at a few energies in the region of resonances. The
averaged values are slowly varying with energy. The ef-
fect of DER is taken into account by including in Eq. (11)
the radiative decay probabilities of the transitions between
the n =3 core states, associated with the closed channels,
and the ground state and the n =2 states. We need only
consider optically allowed radiative transitions as the
DER through forbidden core transitions is found to be
neghgible for the ions considered here (discussed later). In
Tables I and II we give the decay rates for all possible di-
pole transitions from the n = 3 levels for Fe + and
Mo +, respectively. Calculations are carried out for the
detailed and the averaged collision strengths (with DER)
for all transitions involving the n =2 states. In Sec. IV a
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3 S]~ 2 Pp(2. 54X
3 Pp~ 2 S((8.43X
3 P]~ 1 Sp( 1.SQX
3 P2~ 2 S((8.29X
3'Sp 2 Pi(1.56X
3'P) 1'Sp(1.24 X

TABLE I. Radiative probabilities for DER with Fe +.

10 ), 2 P&(8.70X 10 ) 2 Pp( 1.50X 10 ), 2 P& (7.89 X 10 )
10' ) 3 Si(3.44X10 )
10' )

'
2, 'S (7.22 X 10"), 2 S& ( 8.08 X 10' ) ' 3 S (4 6S X 10 ), 3'Sp( 138X 103 )

10' ) 3 S (1 80X 10 )
10") 2'P (2 50X 10' )'
10 ), 2 Sp(7.7S X 10 ) 2 S)(6.78 X 10 ), 3 S)(4.02 X 10 ), 3 Sp(7. 80X 10")

'Wiese (private communication). All radiative rates are in s

few selected results are presented in order to illustrate the
method and the general pattern of the net effective col-
lision strengths.

IV. RESULTS AND DISCUSSION

Forbidden transitions often have large AI enhance-
ments. We study two such transitions, 1'Sp-2 S& and
2 S&-2'Sp, and determine precisely the effect of AI and
DER reduction in each. Figure 1(a) shows the extensive
resonance structure present in the former transition in the
energy range from threshold to the n=3 complex. The
two groups of resonances 1s3l31' and 1s 3l41' are clearly
separated and have similar form except for the very first
resonance in each group. In the 1s313I' group this is a
strong resonance associated with the ls 3s ( S,J= —,

'
) au-

toionizing state, while in the 1s 3I4I' group it is no longer
the case. Also, the AI widths in the latter group are signi-
ficantly narrower. There are some discrepancies in the de-
tails of the resonances due mainly to numerical causes;
however, the main pattern is clear and would be repeated
each time n is incremented by unity (note the breaks in the
energy scale indicating further that each n group is well
isolated). The dashed line is the Gailitis averaged colhsion
strength. As expected, it is nearly constant over the entire
energy range under consideration. The straight solid line
above the energy of the n =3 states (considered degen-
erate) is the nonresonant collision strength as given in
Table IV of paper I. In Fig. 1(b) we plot again the aver-
aged (0) (dashed line) and the averaged (0) allowing
for radiative decay. The DER contribution is given by the
difference between the dashed line and the bottom-most
solid line marked 6. The solid lines lying in between re-
flect the contributions due to the individual n =3 states,
e.g., the line marked 1 is the effective (0) if only the res-
onances converging on to the first n =3 state, 3 S&, are al-
lowed to undergo radiative decay; line 2 corresponds to
3S~ and 3Pp, line 3 to 3Si, 3Pp and
until line 6 which means that resonances due to all six

n =3 states may radiate. The area enclosed between line 0
(no radiative decay, i.e., Gailitis (0) ) and line 6 is slightly
greater than one tenth of the total area under the dashed
line and the background cross section (the solid line from
above the n =3 states extrapolated backwards). Thus,
about one tenth of the electron flux trapped in the AI
states goes into DER and the effective cross section is re-
duced by this amount. However, the reduction in the rate
coefficient due to DER would be less than 10% since the
cross section at lower energies, where the DER reduction
is small, contributes more to the rate (cross section times
e ) than the cross section at higher energies that is
more susceptible to DER reduction. The AI probabilities
decrease as 1/n and are dominated by radiative decay
particularly in the region just below the n =3 thresholds.
The fact that the net effective collision strength after tak-
ing account of AI and DER joins exactly with the non-
resonant collision strength at the n =3 threshold implies
that the DER contribution, through the dipole transitions
included (Table I) is equal to the flux in the newly open
channels. If DER through the forbidden core transitions
were also to be significant then we should expect a larger
decrease in the effective cross section throughout the
range under consideration. However, even at Z=42 the
forbidden transitions are a few orders of magnitude less
probable than the allowed ones.

In Fig. 1(c) we consider radiative decay of the reso-
nances through core transitions directly to the ground
state, i.e., S;L;J; nlrb'~ 1 Sp nIj. The solid line is the effec-
tive collision strength after such decays and it is seen that
DER to the ground state through a direct primary core
transition turns out to be a small component of the total.
Only the resonance series 3'8& nlj and 3 8& nlj have suffi-
ciently large radiative probabilities of doing so (see Table
I). For these AI states the fractional decay is —1.0 and-0.6, respectively, i.e., almost all of the 3'P& nlj and
about 60% of the 3 P& nlj resonances decay directly to the
ground state and stabilize. Resonances converging on to
other n =3 states decay preferentially to the n =2 states

TABLE II. Radiative probabilities for DER with Mo +.

3 S)~2 Pp(1.41X10' ), 2 P)(3.39X10' ), 2 P2(1.12X10' ), 2'P)(1.67X10' )
3 Pp~ 2 S](5.93 X 10 ) 3 S](6.20X 10 )

3 P) —+ 1'Sp(1.67X10' ), 2 S){4.52X10' ), 2'Sp{1.44X10' ), 3 Sl{8.24X10 ), 3'Sp(8. 24X10 )
3 P 2 S,(S.68X10' ), 3 S,(3.94X10 )
3'S 2'P, (2.S7 X 10' ), 2'P, (1.S1 X 10")
3 P)~ 1 Sp(6-12X10 )) 2 S)(1~ 33X10 ) 2 Sp(4.43X 10 ) 3 Sl{1~ 39X 10 )& 3 Sp{1 8SX 10 )
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in the cascading scheme there would be competition be-
tween AI and radiative decay and the satellite intensities
would depend on cascades from higher AI states. For ex-
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higher radiative probability (versus AI) than the x satel-
lites and the y line would be more enhanced than the x.
The observed ratio x/y would therefore be smaller than if
the cascade mechanism described above were not taken
into account. This may, in part, explain some anomalous
observations of the x/y ratio in highly ionized He-like
1ons.
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FIG. 1. Collision strength for the transition 1 Sp"2 S~.'{a)
resonance structures between the n =2 and the n =3 complexes.
Dashed line indicates the Cxailitis average (approximately twice
the nonresonant value above the n=3 threshold. (b) collision
strength averaged over autoionizing resonances (dashed line), in-

cluding the effect of DER (solid lines; see text). (c) Averaged
collisions strength with DER directly to the ground state {solid
line).
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and the secondary radiative decay, 2 I'I nlj —+ 1'Sonlj,
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have interesting consequences for plasma diagnostics in-
volving satellite and principal line spectra. At each step

e+Fe, 2 S, —2 S&
24+

I

490
I

57'0

[k(1 S )] (Ry)

FICi. 2. Collision strength for the transition 2'S&-2'Sp. (a),
(b), and (c) are as in Fig. 1.
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TABLE III. Intermediate-coupling autoionization and dielectronic recombination contributions to
collision strengths for Fe +. The notation 3.29( —4) is a shorthand for 3.29~ 10

Transition

1'Sp-2 Si
1'So-2 Po
1'Sp-2'P)
1'Sp-2 P2
1'S -2'S
1'So-2'P
2 Si-2'Sp
2 Si-2 Pi
23Pp-23P )

2'Po-2'Pz
2'Pp-2'So
2 Pp-2'Pi
2 P)-2 P2
2 P)-2'Pi
2'P, -2'So
2'P, -2'P)

3.29(—4)
2.14(—4)
6.42( —4)
1.07(—3)
6.59(—4)
2.2O( —3)
2.76(—3)
4.69(—3)

s.a6( —4)
3.74( —3)

1.12(—2)
2.58(—3)
1.87(—2)

g IC

3.20( —4)
2.15(—4)
7.62 —4)
a.o8( —3)
6.59(—4)
2.06(—3)
2.77(—3)
2.04( —2}
8.36(—3)
8.74( —3)
5.14(—4)
4.04( —3)
2.94(—2)
1.39(—2)
2.57(—3)
1.98(—2)

(~ )(IC+AI)

6.38(—4)
2.75(—4}
8.24( —4)
1.37(—3)
8.39(—4)
2.65(—3)
6.27( —3)
2.41(—2)
1.11(—2)
a.o1(—2)
8.52( —4)
4.74( —3)
3.66(—2)
1.42( —2)
4.26(—3)
2.37(—2)

(g ) (IC+AI+ DER)

6.18(—4)
2.71(—4)
8.14(—4)
1.36(—3)
8.08(—4)
2.62( —3)
5.3a( —3)
2.37(—2}
1.10(—2)
9.91(—3)
8.13(—3)
4.56(—3)
3.59(—2)
1.39(—2)
4.08(—3)
2.27(—2)

Net resonance
enhancement

with respect to Q (%)

93.1
26.0
6.8

26.0
22.6
27.2
91.7
16.2
31.6
13.4
58.2
12.9
22. 1

0.0
58.8
14.6

greater than 10%. Therefore, while the AI enhancement
for Fe + and Mo + is about the same, a factor of 2, the
DER reduction in Mo + is about 3 times that in FE +,
reflecting the higher radiative decay probabilities of the
resonance states.

Finally, in Table III we bring together some results
from paper I and the present one to illustrate the particu-
lar effect under consideration in the present study. All
transitions up to and including the n =2 levels in Fe +
are given (except for those optically allowed transitions
where the partial waves higher than /=4 make a signifi-
cant contribution). Calculations are carried out at an en-

ergy some where above the 2'P
~ level. The column

(0) + + gives the net effective collision strengths
and the last column shows the percentage enhancement of
these values over the background collision strengths in IC
(A' ). Clearly, resonance enhancement is quite
significant —nearly a factor of 2 for 1 So-2 Si and 2 Si-
2 So. For most transitions the enhancement continues un-
til fairly close to the n =3 threshold where all resonances

must decay radiatively and the effective cross section falls
down to the background level. The transition 2 S&-2'P&
shows a 16% resonance effect but this is quite different
from the effect in I.S coupling discussed by PNH where,
since the transition is forbidden, there are several factors
to consider (this transition is also discussed by Clark
et al. Io).

Table IV compares the various collision strengths for a
few transitions in Mo +, again computed at an energy
just above the 2'PI level (although it is not exactly the
same scaled energy as for Fe + in Table III). The net res-
onance enhancement for most transitions is less than in
Fe + due to increase in the negative DER contribution.
For example, the percentage figure for 2 SI-1'So is 67.3
compared with 91.7 for Fe +. As discussed above, the
DER process for a given transition depends on the radia-
tive probability and the magnitude of coUpling between
the initial and final states and the particular resonance
states. Hence, the resulting decrease in AI due to IVER,
with Z, is not uniform for all transitions. Q(1'So-2 Si) in

TABLE IV. Intermediate-coupling autoionization and dielectronic recombination contributions to
collision strengths for Mo +.

Transition

1'Sp-2 Si
1'Sp-2 Po
1'Sp-2 P2
1'S -2'S
2 Si-2'S
2'Po-2
2'Po-2'So
2'P) -2'P2
2'P2-2'So

1.30(—4}
8.32(—5)
4.16(—4}
2.62( —4)
1.06(—3)

1.96(—4)

9.78(—4)

1.2a( —4)
8.50( —4)
4.24( —4)
2.62( —4)
1.07(—3)
3.01(—3)
1.93(—4)
1.06(—2)
9.6S(—4)

( tl ) ( Ic+A I (

2.44( —4)
1.01(—4)
5.06(—4)
3.32{—4)
2.04( —3)
3.58(—3)
2.61(—4)
1.23(—2)
1.30(—3)

( ~ )(IC+ A i+ DER(

2.30(—4)
9.64( —4)
4.84( —4)
3.20( —4)
1.79(—3)
3.34(—3)
2.31(—4)
1.14(—2)
1.17(—3)

Net resonance
enhancement

with respect to A' (%)

90.1

13.4
14.2
22. 1

67.3
11.0
19.7
7.5

21.2
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Mo + shows only a marginal decrease compared with
Fe24+

It is of some interest to see exactly how the ratio of AI
versus radiation probabilities behaves with energy from
near the excitation threshold to the threshold of conver-
gence for a given ion and a specific symmetry. In Table V
we calculate this ratio at three energies between the n =2
and the n =3 complexes. The symmetry under considera-
tion is J=2.5, odd parity, whose channel list is given in
Table III of paper I. The ratio is calculated for a few
closed channels, one for each n =3 fine-structure state,
and designated as S;I.;J;/;(Xs)Jm. The K value corre-
sponding to these channels is 2, except for the 3'So, where
it is 3. The values of the ratio given indicate that autoion-
ization dominates radiation at the energy close to the exci-
tation threshold for all channels, but is much less than un-
ity near the convergence threshold. The 3'P&l channels, as
expected, have the highest radiative probabilities.

Qne of the main aims of the present work is to compute
accurate collision strengths in order to obtain rate coeffi-
cients for applications in plasma diagnostics. Qur earlier
work (PNH) employing simpler approximations than in
the present study, enabled us to compute rate coefficients
for a number of ions (Pradhan et aI. ") including, for the
first time, resonance structures in collision strengths. Cal-
culations were recently carried out by Kingston and Tay-
al' for one of the ions, Q vII, in an elaborate eleven-state
close-coupling approximation. Their results for the rate
coefficients of the two transitions considered 1'S-2 S and
1'S-2 p agree fairly well with those of Pradhan et al.
(10—20%), confirming the fact that resonances play an
important role in scattering with He-like ions for some
transitions. The resonance enhancement in the transition
1'S-2 S in QvII was found to be about 85% at 10 K.
From the present work we see that the resonance effect
remains large even for highly charged ions and even after
the effect of radiation is accounted f'or. In Table VI we
give the rate coefficients for 1'So-2 S

&
in Fe + and

Mo + to illustrate this point. Although there is little
difference between the rate coefficients with and without
DER for Fe +, we should expect the difference to be sig-
nificant as the ion charge increases further. Comparing
the rate coefficient as a Z-scaled temperature,

T/Z =2.84X 10, corresponding to 2.0)& 10 K for Fe +

and 5.0)&10 K for Mo +, we find that the decrease due
to DER is 9% and 19%, respectively [the percentage fig-
ure is (qz —qz ) X 100/q~]. The overall resonance
enhancement in Mo + is less than that in Fe +, mainly
because the temperatures are higher and therefore there is
a larger contribution to the rate coefficient from the non-
resonant region above the n = 3 levels (the Maxwellian dis-
tribution falls off much more slowly). Bely-Dubau
et al. ' have computed the rate coefficients for a few tran-
sitions in Fe + using a nonresonant Dw approximation.
Their value at 3&&10 K for q(l'So-2 S, ) is 3.15&(10
which compares well with our background value qz in
Table VI.

V. CGNCLUSION

Some of the conclusions drawn from the present study
should be generally valid for electron scattering from
highly charged ions; others may be particular to the heli-
um isoelectronic sequence. A summary of the main
points is given below.

(i) All three effects, IC, AI, and DER, are important in
electron excitation of very highly ionized atoms.

(ii) AI enhancement, for a given transition, approaches
a nearly constant factor in the limit of high Z.

(iii) DER reduction in AI depends on (a) the magnitude
of the contribution of a particular resonance series and (b)
the total radiative decay probability (i.e., the sum over all
possible core transitions). Condition (a) reflects the
strength of coupling between the resonance states and the
initial and final states in the transition.

(iv) Final stabilization in DER may take place in a
number of steps resulting in radiative cascade contribu-
tions to satellite levels (these contributions may be es-
timated using the methods described).

(v) Although the forbidden core transitions (E2, 2E1,
M 1, and M2 type) scale much more rapidly with Z than
the allowed ones (Z vs Z; Ml transition, 1'So-2 S„
scales as Z '

), they are not expected to contribute signifi-
cantly to DER until about Z &50. Experimentally, one
should then be able to observe the forbidden dielectronic

TABLE V. Ratio of autoionization vs radiation effects:
Fe +, J=2.5, odd m. (A, = gb ~g„k

~

and
AR(n)=2mv /z gb 1 „b [see Eq. (11)]).

TABLE VI. Rate coefficients q(1'Sp-2'S&). q&, with non-
resonant, background collision strengths; q&, with AI resonances
(no DER); qD, including DER. These are the final net rate coef-
ficients. Rate coefficients are given in units of cm'sec '. The
last temperature for each ion is close to the temperature of max-
imum resonance line emission (from the 2'Pl ~ 1'Sp transition).

Closed channel (n)' k) ——

3 Si p (18)
3 Ppd (21)

3 P2s (25)
3'Sp f (30)
3'P) d (31}

495.0

1.06(2)
6.81(0)
2.62(0)
3.17(0)
6.11(0)
1.85(0)

'The index corresponds to Table III of
convergence, E(n =3), is 573.39 Ry.

/AR (n)
525.0 570.0

4.64(1) 5.76(—1)
7.58( —1) 1.05(—2)
8.69(—1) 1.94(—2)
1.04(0) 2.02( —2)
2.69(0) 1.73(—1)
8.14{—1) 10.5( —2)

paper I. Threshold of

Ion

Fe'4+

T(K)

1~ 10'
2~ 10'
3 ~10'
5X10'

5~10'
8 && 10'
1~ 10'
3~10'

3.61(—16)
1.10(—14)
3.35(—14}
5.83(—14}

2.17(—15)
7.12(—15)
1.02( —14)
1.65(—14)

6.44( —16)
1.73(—14)
4.81(—14)
7.76(—14)

3.51(—15)
1.05(—14)
1.45( —14)
2.11(—14)

6.05(—16)
1.63(—14)
4.56(—14)
7.43(—14)

3.10(—15)
9.42( —15)
1.31(—14)
1.95(—14)
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satellite spectra.
A few general purpose techniques have been discussed

in the present work and should prove to be useful in fur-
ther calculations on highly ionized systems. Work in pro-
gress includes (a) rate coefficients for all transitions, up to
and including the n =3 levels, for Ca' +, Fe +, Se +,
and Mo +, (b) comparison of detailed autoionization pro-
files in the DW and CC approximations, (c) dielectronic
satellite intensities for temperature diagnostics, and (d)
DER cross sections and rate coefficients employing the

same methods as described in this work. Both the elec-
tron excitation and the DER rates could be obtained in a
unified formulation, thus providing a measure of self-
consistency and better accuracy in practical applications.
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