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An implementation of the DiracR-matrix theory is presented and applied to the calculation of electron-
impact excitation of B-like FeXXII in the n=2 complex. A detailed comparison between theR-matrix and
relativistic distorted-wave(DW) results is given. Contrary to the previous close-coupling studies of this ion,
where significantly different background collision strengths are found for several transitions as compared with
the DW results, we obtain excellent agreements between the two methods for most transitions, except for the
weak transitions to the higher members of the 2p3 configuration, where significant channel-coupling effects are
indeed present. We show that the discrepancies found in the previous DiracR-matrix calculation for dipole
transtions at high energies are due to the nonconvergence of partial wave summation, despite the explicit
inclusion of partial waves up tol =40. The reason for large differences in the threshold energy region for some
transitions between the present and previous DiracR-matrix results is not clear. We also show that the
independent-process, isolated-resonance approximation within the DW framework can describe the near-
threshold resonances reasonably well for this ion.
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I. INTRODUCTION

The electron-impact excitation of B-like FeXXII has been
studied extensively in the past. Reference[1] calculated all
Dn=0 collision strengths within then=2 complex using a
relativistic distorted-wave(RDW) approximation. The non-
relativistic R-matrix method coupled with a term-coupling-
coefficient (TCC) transformation was applied to the B-like
isoelectronic sequence including FeXXII [2]. References
[3,4] used a relativisticR-matrix code employing the Breit-
Pauli (BP) Hamiltonian to calculate the collision strengths of
FeXXII within the n=2 and 3 complexes. A fully relativistic
Dirac R-matrix atomic code(DARC) was also used to study
the collisional excitation within then=2 complex[5]. These
previous studies have established the importance of both
relativistic effects and the near-threshold resonances for this
ion.

However, there is widespread confusion on the reliability
of RDW results even when only the background collision
strengths are concerned. The collision strengths in the non-
resonant energy region do not always agree with the RDW
results even for some strong dipole-allowed transitions. For
example, both TCC and DARC calculations show that the
background collision strength of 2s22ps2P1/2d−2s2p2s2D3/2d
is about a factor of 2 smaller than the RDW results at ener-
gies below the highest thresholds ofn=2 states. The DARC
calculation also indicates that the collision strengths of di-
pole transitions at high energies are significantly smaller than
the RDW results, even though the convergence of the partial-
wave summation has been reportedly verified. The close-
coupling collision strengths of the intercombination transi-
tion 2s22ps2P1/2d−2s2p2s4P1/2d were also shown to be quite
different from the RDW calculation at the resonance-free
energy region. Because the RDW method is inherently sim-
pler and less ambitious, it is often assumed that such differ-

ences are due to the channel-coupling effects not included in
the RDW approximation.

Another widely debated issue is whether the independent-
process isolated-resonance approximation implemented
within the DW framework can reasonably describe the near-
threshold resonances for highly charged ions such as FeXXII .
No firm conclusions have resulted from the comparisons of
close-coupling and DW results, because either the reso-
nances included in DW calculations are not complete, or the
target descriptions are not equivalent.

In an effort to address these issues, we have developed an
implementation of the DiracR-matrix theory that shares the
same code for atomic structure with an existing RDW pro-
gram. Both theR-matrix code and the RDW code are now
parts of the integrated atomic software package, the Flexible
Atomic Code[6]. In the present work, we apply both meth-
ods to the calculation of collision strengths for B-like FeXXII

within the n=2 complex. The atomic structure descriptions
of the targets in the two methods are deliberately kept iden-
tical, which is the result of a relativistic configuration-
interaction calculation including only the 1s22l3 configura-
tions. We demonstrate in this paper that the DiracR-matrix
collision strengths in the resonance-free energy region agree
with the RDW results to within a few percent for most tran-
sitions, including those for which large discrepancies be-
tween close-coupling and RDW calculations have been
found in the previous studies. Our RDW collision strengths
also agree very well with the previous RDW calculation.
Therefore, we argue that the differences between the previ-
ous close-coupling and RDW results are due to the problems
in the particularR-matrix calculations. In fact, we show that
the discrepancies for dipole-allowed transitions at high ener-
gies found by Ref.[5] are due to the nonconvergence of
partial wave summation in their calculation, despite the in-
clusion of partial waves up tol =40. We also show that the
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Coulomb-Bethe approximation for large partial waves is
very accurate and can be safely used as a top-up procedure to
obtain reliable total collision strengths for allowed transi-
tions. The reason for the discrepancies in the low energy
region is less clear, and difficult to identify without a detailed
examination and comparison of differentR-matrix imple-
mentations.

We also examine the accuracy of the isolated-resonance
approximation for the treatment of near-threshold reso-
nances, and find that for excitations of then=2 states in
FeXXII , this method gives satisfactory results for most tran-
sitions. Although the fine details of the individual resonances
are not identical in the isolated-resonance DW and Dirac
R-matrix calculations, the resulting thermal effective colli-
sion strengths or rate coefficients differ by less than
,10–20%. The present DiracR-matrix implementation does
not include radiation damping effects. However, it is rela-
tively easy to include that in the isolated-resonance DW cal-
culations, and we find radiation damping effects to be mini-
mal for this ion s,10%d; they appear to be far less
important than those found by Ref.[4] for the same transi-
tions, where reductions of 10–20% were reported.

We find the channel-coupling effects to be indeed impor-
tant for weak excitations to the higher members of then=2
states, which belong to the 2p3 configuration. In fact, for
these transitions, the configuration interaction between the
n=2 and 3 complexes in the target is equally important, and
it is expected that the channel coupling to then=3 states is
also non-negligible[4]. Therefore, for an accurate treatment
of excitations to these levels, the target expansion must in-
cluden=3 configurations.

II. THEORETICAL METHOD

A. R-matrix internal region

The theoretical basis of the DiracR-matrix method was
described in Ref.[7], and a numerical implementation,
DARC, was developed in Ref.[8]. The present work is a
reimplementation of the same theory. As in the nonrelativis-
tic case[9], the configuration space is partitioned into two
regions separated by theR-matrix boundaryr0. r0 is chosen
such that the exchange between the incident electron and the
target electrons is negligible forr . r0. In the inner region,
the total scattering wave function is expanded on a basis set

Ck = o
i j

cijkAfFi,fi jg + o
m

dmkum, s1d

whereFi is the wave function of the target states,fi j is the
R-matrix basis for the continuum electron,um are thesN
+1d-electron correlation wave functions introduced to com-
pensate for the orthogonality constraints imposed onfi j , and
A represents the angular coupling and asymmetrization be-
tween the target and incident electrons. The coefficientscijk
and dmk are derived by diagonalizing thesN+1d-electron
Hamiltonian matrix, which is the standard Dirac-Coulomb
Hamiltonian.

The R-matrix radial basis functions satisfy the boundary
condition

Qisr0d
Pisr0d

=
b + k

2r0c
, s2d

wherePi andQi are the large and small components of the
Dirac spinor for the basis wave function,c is the speed of
light, k is the relativistic angular momentum quantum num-
ber, andb is an arbitrary constant usually chosen to be 0. The
multichannel scattering wave functions then satisfy the fol-
lowing boundary condition:

Pisr0d = o
j

Rijf2r0cQjsr0d − sb + k jdPjsr0dg, s3d

whereRij is theR matrix defined by

Rij =
1

2r0
o
k

wiksr0dwjksr0d
Ek

N+1 − E
, s4d

wherewik are the surface amplitudes ofCk in channeli, Ek
N+1

are theR-matrix poles, andE is the total energy of the scat-
tering system.

The summation in theR-matrix definition is truncated in
practice, and the contributions from the distant poles are ac-
counted for by the Buttle correction[10].

B. R-matrix external region

In the external region, the exchange between the scattered
electron and the target electrons is neglected, the channel
wave functions satisfy the coupled differential equations

dPi

dr
+

ki

r
Pi − S2c +

«i

c
+

z

cr
DQi = −

1

c
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j
o
lù1

aij
l
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dQi
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−
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Qi + S«i

c
+

z

cr
DPi =

1

c
o
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lù1

aij
l

rl+1Pj , s5d

where «i is the channel energy,z is the residual chargeZ
−N, and the asymptotic multipole coefficientsaij

l are defined
as

aij
l = KFi,fiUo

k

rk
lPlsr̂k · r̂N+1dUF j,f jL , s6d

wherePl is the Legendre polynomial, and the integration in
the angular and radial spaces is carried out except for the
radial coordinate of the continuum electron.

The reactanceK matrix is defined through the standard
asymptotic form of the channel wave functions as described
in Ref. [11]. The matching of the external and internal solu-
tions atr0 gives theK matrix. TheS matrix andT matrix are
given in terms of theK matrix as

S=
1 + iK

1 − iK ,

T = S− 1, s7d

where these matricies have particular total angular momen-
tum and parity valuesJ andp, respectively. The partial col-
lision strength for a transition from target statea to b is a
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summation over the channelsaaJaka to abJbkb that are
coupled to give totalJ and p, wherea represents all other
quantum numbers required to uniquely identify a target state.
The total collision strength is given by

Vab =
1

2o
Jp

s2J + 1d o
kakb

uTab
kakbu2. s8d

However, the direct integration of Eq.(5) from the radius
where the asymptotic form applies tor0 is not only ineffi-
cient but also unstable when some channels are closed. In the
present implementation, we use the relativistic extension of
the R-matrix propagation method[12]. Several additional
zones are used to propagate theR matrix at r0 to a large
radius, where the solution is matched to the uncoupled
Dirac-Coulomb wave functions to obtain theK matrix. In the
present calculation,r0 is chosen to be 1.4, and the final
matching radius is 10.0 in atomic units. As we verify later,
our results have converged with respect to the matching ra-
dius.

C. Target states

A relativistic configuration-interaction program as imple-
mented in the Flexible Atomic Code[6] is used to derive
target wave functions and energies. The configuration basis
includes 2s22p, 2s2p2, and 2p3 configurations. TheR-matrix
target expansion includes the same set of configurations. In
Table I, we list the configuration designation and energies of
the 15 states in then=2 complex. The target energies agree
with the experimental values from the atomic spectroscopic
database at the National Institute of Standard and Technol-
ogy to within a fraction of eV for low lying members and
1–2 eV for higher ones.

D. Scattering calculations

Partial waves up tol =40 and 25 radial basis functions per
partial wave are included in theR-matrix calculation. To map
out the fine details of the resonance structure, a mesh of 5
310−3 eV is used at energies below 205 eV, which is
slightly larger than the highest threshold in then=2 com-
plex. We find that with a mesh of 5310−3 Ry used in Ref.
[5], the resonances are not sufficiently well resolved. At high
energies up to 2.5 keV, the collision strengths are calculated
with a coarse mesh of 75 eV steps.

A relativistic DW method is also used to calculate the
same set of collision strengths, with the identical target de-
scription. The computational method for the background DW
collision strengths is similar to that of Ref.[13]. The near-
threshold resonances are also calculated in the independent-
process, isolated-resonance approximation, in which the ex-
citation from statea to b is treated as a two-step process,
dielectronic capture forming a doubly excited stated which
is followed by autoionization into stateb. The resonance
contribution to the collision strength is expressed as

Vab = o
d

pgdAda
a Adb

a

oi
Adi

a + ok
Adk

r
dsE − Eadd, s9d

wheregd is the statistical weight of the doubly excited state
d, Aa is the autoionization rate,Ar is the radiative decay rate,
and Ead is the resonance energy. The resonance profile is
approximated with ad function. The summation over the
doubly excited states includes all 2l3nl8 configurations with
nø80.

A separate RDW calculation is carried out with the inclu-
sion of configuration interaction between then=2 and 3
complexes. The results are used to check their effects on the
collision strengths.

III. RESULTS

In this section, we compare the presentR-matrix and
RDW results with previous close-coupling and RDW calcu-
lations for some representative transtions from the ground
state.

A. Resonance energy region

First, we examine the weak transition 1-2, i.e., from level
1 to level 2. Because the collision strength in this energy
region is dominated by numerous narrow and dense reso-
nances, we convolve the calculated collision strengths with a
Gaussian function of full width at half maximum(FWHM)
2.35 eV(i.e., a standard deviation of 1 eV) in the graphical
representation. With such an energy resolution, the true ef-
fects of resonances are easier to see while individual peaks
corresponding to Rydberg series can still be distinguished. In
Fig. 1, we show the presentR-matrix and RDW results. The
RDW results include those without resonances and those
with resonances treated in the isolated-resonance approxima-
tion. The background collision strength in the previous close-
coupling calculations agrees very well with the DW result.
The present results for the background values are also in very

TABLE I. The target states of B-like FeXXII within the n=2
complex.

Level Jp Configuration
LS

coupled
Energy

(eV)
NIST
(eV)

1 1/2− 2s1/2
2 2p1/2

2P1/2 0.0 0.0

2 3/2− 2s1/2
2 2p3/2

2P3/2 14.62 14.66

3 1/2+ 2s1/22p1/2
2 4P1/2 49.68 50.16

4 3/2+ 2s1/22p1/22p3/2
4P3/2 56.49 57.06

5 5/2+ 2s1/22p1/22p3/2
4P5/2 63.11 63.64

6 3/2+ 2s1/22p1/22p3/2
2D3/2 92.29 91.32

7 5/2+ 2s1/22p3/2
2 2D5/2 94.97 94.18

8 1/2+ 2s1/22p1/22p3/2
2P1/2 107.30 105.82

9 1/2+ 2s1/22p3/2
2 2S1/2 122.54 121.28

10 3/2+ 2s1/22p3/2
2 2P3/2 124.79 123.03

11 3/2− 2p1/2
2 2p3/2

4P3/2 156.14 155.69

12 3/2− 2p1/22p3/2
2 2D3/2 174.95 173.13

13 5/2− 2p1/22p3/2
2 2D5/2 178.68 176.91

14 1/2− 2p1/22p3/2
2 2P1/2 196.87 194.61

15 3/2− 2p3/2
3 2P3/2 203.85 201.81
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good agreement with each other, and with the previous cal-
culations. This transition is most affected by the resonances,
because the upper level is within the ground configuration
and has low excitation threshold. Figure 1 clearly shows the
resonance peaks converging to the 2s2p2 thresholds. The
isolated-resonance DW collision strengths shown are calcu-
lated without radiation damping effects, as are the present
R-matrix results. The radiation damping effects are discussed
later in the paper. The isolated-resonance approximation is
found to give almost identical resonance structure in both
position and strength for this transition. As we discuss later,
the resonance contributions to the thermal rate coefficients
for this transition are significantly smaller in the present cal-
culation than in the BPR-matrix results[4]. The DARC cal-
culation [5] did not give thermaly averaged effective colli-
sion strengths or rate coefficients, and we are not able to
make a detailed comparison.

The background collision strength of transition 1-11 is
predicted to be 2.7310−4 in the DARC, 1.85310−4 in the
TCC, and 3.0310−4 in the previous RDW calculations. In
the present calculation, both theR-matrix and RDW methods
give a value of 2.8310−4 as shown in Fig. 2. This is very
close to the DARC and previous RDW results, but differs
from the TCC result. The isolated-resonance approximation
is also found to give excellent results for the resonance con-
tributions.

Excitations from the ground state to levels 3 and 5 are
intercombination transitions. The previous DARC and TCC
background collision strengths for 1-3 are different from the
RDW results by 40-50%, while those for 1-5 agree with the
RDW results. In the presentR-matrix calculation, the back-
ground collision strengths for both transitions agree with the
present and previous RDW results, which have the values of
0.011 and 0.005, respectively. As shown in Figs. 3 and 4, the
disagreement between isolated-resonance DW and the
R-matrix collision strengths is slightly worse than for the

previous two transitions. The discrepancies are mostly seen
for the resonance groups between 80 and 100 eV. Neverthe-
less, the overall contributions of resonances to the collision
strengths are seen to be similar in the two methods.

One of the most puzzling facts in the previous close-
coupling results is that the background collision strength of
the strong dipole-allowed transition 1-6 is a factor of 2
smaller in the DARC and TCC than in the RDW calculations
at energies below the highest threshold of then=2 complex.
In Fig. 5, we show that the presentR-matrix and RDW col-
lision strengths are practically identical with values of 0.25-
0.26 below 200 eV, which also agrees very well with the
previous RDW calculation. The effects of resonances are
minimal for this transition, and after convolution with the
Gaussian function, only a small bump is seen around
100 eV.

The RDW values of other dipole transitions from the
ground state, namely, 1-8, 1-9, and 1-10 are also found to be
larger than the DARC results. In the present calculation, we
find that theR-matrix and RDW results all agree to within a

FIG. 1. The collision strength of the transition 1-2 in the reso-
nance energy region. The resonances have been convolved with a
Gaussian function of FWHM 2.35 eV. The solid line is the present
R-matrix result, the dotted line is the present RDW background, and
the dashed line is the isolated-resonance DW result.

FIG. 2. Same as Fig. 1, but for the transition 1-11.

FIG. 3. Same as Fig. 1, but for the transition 1-3.
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few percent, and also agree with the previous RDW calcula-
tion. An example is shown in Fig. 6 for the transition 1-9.
This transition is relatively weak, with a background colli-
sion strength of 0.012 at 200 eV. Resonances, although
weak, are noticeable at low energies. We also find the
isolated-resonance approximation to agree with theR-matrix
results very well.

The previous DARC calculation also exhibits a strange
behavior, i.e., the agreements between the DARC and RDW
results for these dipole transitions are usally good at energies
immediately above the highest threshold of then=2 com-
plex. For example, the collision strength of the transition 1-6
at 20 Ry is shown to be 0.27, which agrees with RDW and
the present results. At energies near 10 Ry, the collision
strength becomes 0.12. Therefore, there is an abrupt jump in
the background collision strength across the threshold re-
gion. Such a jump is unlikely to be physical, and we suspect
that there might have been numerical problems in the DARC
calculation at low energies.

B. High energy region

Another puzzling fact in the previous DARC calculation
is that the collision strengths of dipole transitions are consis-
tently smaller than the RDW results at energies above
,100 Ry. The RDW collision strengths continue to rise as
energy goes higher, while the DARC results start to level off
and eventually decrease above 150 Ry. Such behavior is a
classic symptom of nonconvergence in the partial-wave sum-
mation. At these high energies, the high partial-wave contri-
butions become significant, and are usually included in the
RDW calculations with the Coulomb-Bethe approximation
(CBA). However, in the DARC calculation, the authors
claim that their results are 100% converged for the weak
transitions, and nearly converged for the stronger ones, and
suggest that the CBA contributions in the RDW results may
have been overestimated. Here we show that the conver-
gence could not have been reached for the dipole transitions
with partial-wavesl ø40 at energies above 150 Ry.

In Fig. 7, we show the collision strength of the transition
1-6 at energies from 200 to 2500 eV. It is seen that the
R-matrix result agrees with the RDW at energies below
1200 eV, and starts to fall below the RDW collision strength
at higher energies, as is found in the previous DARC calcu-
lation. In Fig. 8, we show the partial-wave contributions to
the total collision strength of this transition at an energy of
2.45 keV. The solid line represents theR-matrix results, the
filled circles are the present RDW calculation, and the
dashed line is obtained with the CBA. Note that in the
present RDW calculation the partial collision strengths are
calculated for a few partial waves when 8ø l ø36, and inter-
polation is used to carry out the summation, which is a
highly accurate procedure. In addition, we only calculate the
ratios of CBA collision strengths in successive partial waves
with the recursive relation[14], and the curve shown in Fig.
8 is normalized to the RDW collision strength atl =36. It is
clear that the RDW partial collision strengths agree with the
R-matrix results almost perfectly for alll, while CBA results
become highly accurate forl ù10. If we estimate thel .40
contributions with the CBA collision strengths, we obtain a

FIG. 4. Same as Fig. 1, but for the transition 1-5.

FIG. 5. Same as Fig. 1, but for the transition 1-6.

FIG. 6. Same as Fig. 1, but for the transition 1-9.
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value of 0.07. The presentR-matrix total collision strength at
this energy is 0.344, and the RDW with CBA top-up gives a
value of 0.409. Once the CBA contribution forl .40 is
added to theR-matrix result, it agrees with the RDW colli-
sion strength to within 2%. Therefore, the partial-wave sum-
mation with l ø40 has only converged to about 85% of the
total collision strength at 2.45 keV for the transition 1-6, and
a CBA top-up procedure accurately accounts for the missing
contributions. We find similar results for all other dipole
transitions, and when CBA is used to complete the summa-
tion, the R-matrix collision strengths agree with the RDW
results to within a few percent.

The agreements between the presentR-matrix and RDW
results for other types of transitions are generaly good to
within a few percent in the entire high energy region, except
for some transitions whose upper levels belong to the 2p3

configuration. As examples, we show the results for transi-
tions 1-12 and 1-14 in Figs. 9 and 10. For the transition 1-12,
there is good agreement at high energies above 2 keV, but
the RDW collision strengths is appreciably smaller than the
R-matrix results at energies below 1 keV. For the transition
1-14, the discrepancy is large throughout the entire energy
region between 200 and 2500 eV. Note that the excitations
from the ground state to these levels are very weak, because
they are connected by two-electron transitions. It appears
that for these transitions the channel-coupling effects are in-
deed important.

However, these transitions are also heavily affected by the
configuration interaction between then=2 and 3 target con-
figurations. As shown in Figs. 9 and 10 by filled circles,
when such configuration interaction is included in the RDW
calculation, the collision strengths may change by significant

FIG. 7. The collision strength of the transition 1-6 in the high
energy region. The solid line is the presentR-matrix result. The
dashed line is the present RDW result. The filled circles are the
RDW results with additional configuration interaction between the
n=2 and 3 complexes in the target.

FIG. 8. The partial collision strengths withl ø40 for the transi-
tion 1-6 at an energy of 2.45 keV. The solid line is the present
R-matrix result. The filled circles are the present RDW calculations.
The dashed line is the Coulomb-Bethe approximation.

FIG. 9. Same as Fig. 7, but for the transition 1-12.

FIG. 10. Same as Fig. 7, but for the transition 1-14.
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amounts. In contrast, the configuration-interaction effect is
minimal for the transition 1-6, and all other transitions dis-
cussed above. As shown in Ref.[4], the transitions to 2p3

states are also most affected by channel coupling to then
=3 complex. Therefore, it appears that anR-matrix calcula-
tion with target expansion includingn=3 states must be used
in these cases.

C. Effective collision strengths and radiation damping

In Figs. 11–14, we show some examples of the thermally
averaged effective collision strengths for temperatures be-
tween 0.13106 and 23106 K. It is seen that the resonances
enhance the effective collision strength by as much as a fac-
tor of a few over the RDW background values. The isolated-
resonance approximation DW results give reasonably accu-

rate effective collision strengths, which agree with the
R-matrix results to within 10–20 %.

It has been reported that radiation damping of the reso-
nances is important for some transitions[4]. In particular, it
has been found that the radiation damping reduces the effec-
tive collision strengths of the transition 1-2 by,15%. The
present R-matrix calculation does not include radiation
damping effects. However, we inlude the radiation damping
in a separate isolated-resonance DW calculation to study its
effect. The resulting effective collision strengths are shown
in Figs. 11–14 with filled circles. We find the reduction over
the corresponding values without damping to be within 10%,
and it is far less important than that reported in Ref.[4].

The effective collision strengths in the present work are
significantly different from those of Ref.[4] for some tran-
sitions. For example, at a temperature of 4.43105 K, the
present effective collision strength for the transition 1-2 is
,50% smaller than the damped result of Ref.[4]. For the
transition 1-3, the presentR-matrix result is about 40%
larger. For the transitions 1-6 and 1-9, the present results are

FIG. 11. The effective collision strength of the transition 1-2.
The solid line is the presentR-matrix result. The dotted line is the
present RDW result. The dashed line is the isolated-resonance DW
calculation without radiation damping. The filled circles are the
isolated-resonance DW results with radiation damping.

FIG. 12. Same as Fig. 11, but for the transition 1-3.

FIG. 13. Same as Fig. 11, but for the transition 1-5.

FIG. 14. Same as Fig. 11, but for the transition 1-6.
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also 40% larger, which indicates that the BPR-matrix colli-
sion strengths for these dipole transitions are also much
smaller than the RDW results. A comparison of the effective
collision strengths between the presentR-matrix isolated-
resonance DW and the previous 15-term BPR-matrix results
is shown in Table II for transitions from the ground state.

D. Effects of theR-matrix matching radius

In the presentR-matrix calculation, theR matrix at r0 is
propagated over two zones to a radius ofr1=10.0 a.u., where
the matching to the uncoupled Dirac-Coulomb wave func-
tions gives theK matrix. We have verified that our results
have converged with respect to the matching radius. To do
so, we directly integrate Eq.(5) from a larger radiusr2
=30.0 a.u. tor1 andr0, using the Dirac-Coulomb wave func-
tions as the initial condition, and including thel=1 and 2
terms in the multipole potential. The matching is then carried
out at eitherr1 using the propagatedR matrix, or atr0 using
the originalR matrix. Because the direct integration is stable
only when all channels are open using our simple implemen-
tation of the integration method, we carry out such calcula-
tions only for energies above the highest threshold. We ob-
tain identical results for all transitions independent of
whether the matching is performed atr1 or r0, indicating that
our R-matrix propagation method is correct. For all forbid-
den and intercombination transitions, we also obtain the
same results as when no integration is done and matching is
performed atr1 with Dirac-Coulomb wave functions. For
dipole-allowed transitions, only small differences on the or-
der of a few percent are seen. As an example, we show the
comparison for the transition 1-6 in Fig. 15. Therefore, we

conclude that at the matching radius of 10.0, the uncoupled
Dirac-Coulomb wave functions are good approximations for
the scattering system.

IV. CONCLUSIONS

In conclusion, we have presented an implementation of
the relativistic R-matrix theory, and its application to the
electron-impact excitation of B-like FeXXII . A detailed com-
parison of theR-matrix and RDW results is carried out. In
contrast to the previous close-coupling studies of this ion, we
do not detect significant discrepancies between the two
methods for the background collision strengths of most tran-
sitions, including some strong excitations where large differ-
ences have been reported. We also show that at energies
above ,1.5 keV, the partial waves withl .40 contribute
significantly to the strong dipole transitions, and the
Coulomb-Bethe approximation is an accurate method to ac-
count for such contributions. The isolated-resonance ap-
proximation is shown to give reasonable accuracy of 10–
20 % for the resonance contributions to the effective
collision strengths. The radiation damping effect as indicated
by the isolated-resonance approximation appears to be far
less important than those obtained with the previous Breit-
Pauli R-matrix method. We suggest a close examination and
comparison of the existingR-matrix implementations in or-
der to resolve these discrepancies.
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TABLE II. Comparison of the presentR-matrix and isolated-
resonance DW effective collision strengths with the 15-term BP
R-matrix results including radiation damping[4] for transitions
from the ground state at a temperature of 4.413105 K. The nota-
tion afbg meansa310b.

Level
Present

R matrix
DW

(no damping)
DW

(damping)
BP

R matrix

2 9.63f−2g 9.57f−2g 9.26f−2g 1.51f−1g
3 1.69f−2g 1.62f−2g 1.57f−2g 1.21f−2g
4 1.55f−2g 1.36f−2g 1.31f−2g 1.31f−2g
5 1.36f−2g 1.21f−2g 1.16f−2g 1.29f−2g
6 2.53f−1g 2.53f−1g 2.52f−1g 1.79f−1g
7 9.15f−3g 8.11f−3g 7.52f−3g 1.09f−2g
8 2.69f−1g 2.70f−1g 2.70f−1g 2.27f−1g
9 1.23f−2g 1.22f−2g 1.22f−2g 8.69f−3g

10 5.40f−2g 5.46f−2g 5.46f−2g 4.47f−2g
11 3.38f−4g 3.30f−4g 3.28f−4g 4.74f−4g
12 8.88f−4g 6.21f−4g 6.20f−4g 9.88f−4g
13 5.27f−4g 4.12f−4g 4.10f−4g 5.33f−4g
14 7.11f−4g 4.33f−4g 4.33f−4g 4.51f−4g
15 1.01f−4g 6.12f−5g 6.12f−5g 9.23f−5g

FIG. 15. The effects ofR-matrix matching radius on the transi-
tion 1-6. The solid line is the presentR-matrix result with a match-
ing radius of 10.0 using Dirac-Coulomb wavefunctions. The dotted
line is for a matching radius of 10.0 using the solution integrated
inward fromr =30.0. The filled circles are for a matching radius of
1.4 using the solution integrated inward fromr =30.0.
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