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Relativistic calculations for Fexxill : Electron-impact excitation
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Relativistic distorted-wave method was used to calculate the electron-impact excitation processes for
Fexxin . Collision strengths for the resonant transitions and transitions between excited levels within the first
46 levels of Fexxin are reported. Multiconfiguration Dirac-Fock wave functions with 133-level configuration
expansion were used to describe the target-ion states accurately. The distorted-wave potentials with semiclas-
sical exchange potential were used to determine the continuum orbitals. The collision strengths for some of the
transitions inn=2-3 were previously calculated only by a nonrelativistic distorted-wave method. If they are
compared with our results, significant differences are found. The reason for these differences is explained. The
accuracy of the collision strength for the transition from the ground states2p 2P, is reestimated among
different methods. Because of the accurate target states used and the fully relativistic effect caught in the
atomic structure and relativistic distorted-wave method used in the collision dynamics, the collision strengths
provided in the present calculation should be accurate and reliable. Also, we report collision strengths for some
of the n=3-3 transitions in this paper. These electron impact excitation results have various applications in
solar flare spectra, plasma modeling and diagnostics, and in achieving population inversion in the development
of x-ray lasers[S1050-294{®8)03708-]

PACS numbgs): 34.50.Fa, 02.76-c, 34.80.Kw

. INTRODUCTION n=2-2 transitions were also obtained by Qral. by us-

o o ing their RDW codd 10]. It is more complicated to calculate
Accurate excitation collision strengths of kel by elec-  the collision strengths fon=2-3 transitions because they
tron impact are very necessary for the UV and x-ray linesyre more sensitive to both bound and free orbitals, electron

modeling in solar flare and various kinds of plasmas proqrelation, relativistic effects, models used such as the size
duced in astrophysics and the laboratgfy2]. Electron- ¢ .,nfiguration expansion, and so on. However, no results

impact excitatior(EIE) is one of the most important mecha-. have appeared in the literature using the very accurate Dirac

nisms to generate population inversion needed in the des'gﬁ-matrix method. nonrelativistic with the Breit-Pauli

of UV or x-ray lasers. To get accurate collision strengths,R_matriX method, or fully RDW method. EIE of certam

both atomic structure and collision dynamics must be suit-

ably described. The relativistic effect begins to demonstrate 52_3 transitions from levels in £,2p* to levels in

great influence on the atomic structure and collision dynam#£S3P.2P3s,2p3d have been calculated by the nonrelativistic
ics for Fexxiil in contrast to lowerZ Be-like ions. The Coulomb-Born exchange methddl]. Rather extensiven
atomic structure of Fexiil has been accurately calculated in =2-3 transitions from levels in £,2s2p to levels in

a contemporary paper of oUi3], where the relativistic effect 253s,2s3p,2s3d have been calculated by a nonrelativistic
was caught by Dirac-Coulomb Hamiltoni&tP® and most of ~ distorted-waveDW) code[12—-14 with some of the relativ-
the important correlation effect was caught by large-scaldstic corrections by Bhatia and Mas¢h5,16.
multiconfiguration Dirac-FockMCDF) configuration expan- In this paper, more comprehensive calculations than be-
sion (CE). Also, higher-order relativistic effects were pertur- fore were carried out by fully RDW method. The transitions
batively included. Relativistic effects in collision dynamics included are both those among the first ten levels and those
are also very important. These effects come from the relativfrom levels in %2,2s2p,2p2,2s3l (I=s,p,d) to levels in
istic kinematics of free electrons and relativistic/Mo  2s31,2p3l (I=s,p,d). Also, the 133-level CE, which can be
electron-electron scattering between bound and free electroseen in[3], has been used in obtaining the atomic structure

[4]. Although Mdler interaction is not important for Fexin assumed in these EIE calculations. Comparisons for these
because not very high incident electron energy is involved, italculations are made and the accuracies of the collision
is important to use relativistic continuum orbitals. strengths by different methods are estimated. Especially, it is

The present electron-impact excitation calculations ardound that the number of partial waves used in the relativistic
extensively compared with other results, wherever availableR-matrix [5,6], nonrelativisticR-matrix [7], and nonrelativ-
Most of the previous calculations were for collision strengthsistic DW calculations[15,16 may not be large enough to
of the n=2-2 transitions. Norrington and Grant calculatedevaluate the collision strengthCS) for transition from
transitions within the first ten levels by using a Dirac 2s? 1S, to 2s2p® P,. Large differences occur between
R-matrix code[5,6], whereas one transition from the ground these calculations and ours. Our result for this transition
state 3° 'S, to 2s2p P, has been obtained by the Breit- agrees better with those in Ref&—7] than those in Refs.
Pauli R-matrix method 7]. Also, fully relativistic distorted- [10,15,18.
wave (RDW) collision strengths among the first ten levels In Sec. Il the theory of RDW EIE is briefly outlined. The
were obtained by Zhang and Samps$8,9]. Certain  generalized occupation numbers were used to determine the

1050-2947/98/5)/118312)/$15.00 PRA 58 1183 © 1998 The American Physical Society



1184 CHEN GUO-xin AND P. P. ONG PRA 58

distorted potentials. The collision strengths of EIE for
Fexxin are presented in Sec. lll. Comparisons with other
calculations are made in tables or figures. Also, detailed dis-

cussions for these comparisons are given in this section. Fi- . o . ) )
nally, we present a summary and conclusion in Sec. IV. Here, € is the free-electron kinetic energy in atomic units.
The potentials used in calculating the orbitals of the impact

and scattered electrons for a certain transition differed only
by different free-electron energies. Finite nuclear charge
The RDW procedures used in the present calculations aré(r), which differs from ordinaryZ only for smallr, is
given in Ref[l?] Here, we 0n|y restate some main points to chosen to be the Fermi Charge distribution and can be ob-
establish convention and notion. It is convenient to exprestained fromGrASF code[18,19. To make our RDW calcu-
the relativistic cross sectiom(¢) for the transition—f in ~ lation physically more plausible and consistent with the

4p(r)

2:—
[V'(r)—el*’

(2.5

Il. OUTLINE OF RDW COLLISION THEORY

terms of collision Strengtmif(e) by the relation given atomic Structure, in contrast to pl’eviOUS CaICUIationS,
g(a) determined in Eq(2.4) of Ref.[3] and given in Table
ma’ Il of Ref. [3] replacesw,, in Egs.(22) and (23) of Ref.
oif(€)= %Q”(e), (2.) [17] or Egs.(23) and(24) of Ref.[9] in the present calcula-

tions. w,s,» were previously chosen by assuming fictitious
where the subscripts and f refer to the initial and final ©CCUPation numbers extensively, e.g., E26) of Ref. [17]

statesa, is Bohr radiusk; is the relativistic wave number of ©F EG- (1) of Ref. [9], whereas in our present calculations
the impact electron,g;=[J;]=2J;+1 is the statistical q(a) are direqtly determined from MCDF self—consi;tent-
weight of the initial state of thé-electron target ion. The field (SCP, which allows them to be readjusted according to
relation between the relativistic wave quantum numbef  the mixing coefficients. Hence the latter procedure should be

the impact electron and its relativistic momentpnand ki-  Physically more reasonable in determining the distorted po-
netic energye (in a.u) is tentials in our RDW calculations. Application of this new

distorted potential caused the calculated collision strengths to
change by a few perce[R0]. In the above-mentioned choice

. (2.2 of potential, since the orbitals of the free electron so calcu-
lated are not orthogonal to those of the bound electrons, it is

. . . - ._hecessary to make some modifications in calculating the ex-
c is the light speed. in a.u. The tota_l coII|s.|o.n strength 'Schange matrix elements of the reaction matrix.
computed by summing over the partial collision strengths,

which are computed from the transition matfix T can be
expressed in terms of reactance maktixFor highly charged ll. NUMERICAL CALCULATION OF COLLISION
ions of interest here, the elements of K are small, so that STRENGTHS AND DISCUSSIONS
weak-coupling approximation made in RDW method gives a
good treatment. Then, the collision stren@y can be ob-
tained by[9]

2P _
k —7—6

24 5
02

In Table | we tabulate the collision strengths at eight elec-
tron impact energiek; for resonance transitions to levels in
the n=2 complex. The level indices have been given else-
where [3]. Both results with the 133-level MCDF
Qif:82 BQ, 2.3 configuration-expansioiCE) and the 20-level MCDF CE
(see Ref[3]) of the present RDW calculation are included in
) ) the first and second entries for each transition, respectively.
where sums are over all the target configuration state funcasq collision strengths by nonrelativistic DW plus relativ-
tions (CSH included and the rank o€ tensor in angular igtic correction and intermediate coupling in the 46-level CE
part. B in Eq. (2.3 depends only on the properties of the cgicylated by Bhatia and Masgé] are listed in the third
target.Q in Eq. (2.3) contains the radial scattering matriX entries: some results at selected electron-impact energies cal-
elements and have the summation over initial and final orbitg|5ted by the Dira®-matrix method for transition 1—f5],
als and total angular momenta of the free electron performegy RDW method for transitions 1-3 and 1-5 by Qitral.
within them. Therefore, Eq2.3) can be called the factoriza- [10], and by RDW method for transitions 1-9 and 1-10 by
tion form of RDW theory, which enables fast calculations forZhang and Sampsadi8] are given in the fourth entries for
EIE. ) ] ] ] comparisons. The results in the second entries are generally
The direct part of distorted potentialé'(r) in a.u. for iy go0d agreement within 3% with those in the first entries
calculating the continuum orbitals are the spherically averso each transition in Table I. This indicates that most of the
aged potentials of the nucleus plus the bound electrons in thg, relation effects are caught in the 20-level MCDF CE for
bound state. The exchange potent)fy(r) are chosen to be the calculations of the resonant excitation transitions in the
the semiclassical exchangéSCE approximation[9,17,  n=2 complex. Also, the present results for transitions 1—3
which are local energy-dependent exchange potentials, 544 1-5 are in good agreement with those calculated by
1 Qianet al.[10]. When comparisons between the first or sec-
ex / 20 1/2 ond entries and the third entries for each transition are made
VAN = 2[V (r) = €]l(1+ 5% 1, @4 at high impact energies, the discrepancies for half of the
transitions are less than 10%. However, large discrepancies
where for the other transitions, i.e., 10% for 1-3, 32% for 1-6,
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TABLE I. Comparison of collision strengths for resonance transitions at diff&gtd levels in then=2 complex. For each transition,
the first and second entries were calculated by the present approach using the 133- and 20-level MCDF configuration expansion, respectively,
while the third entries were nonrelativistic results by Bhatia and Md46h Some other calculations are given in the fourth entries as
footnoted. The level indices for transition are given under the heading ldvated F, wherel stands for the initial level an# the final
level.

iy Ei (Ry)
Transition
I-F 15.0 30.0 45.0 85.0 127.5 170.0 250.0 350.0
1-2 1.24-3]2 1.1J - 3] 9.7 - 4] 7.17—4] 5.3 -4] 4.1 4] 2.79 -4] 1.8 —4]

1.2 -3] 1.13-3] 9.9 —4] 7.33-4] 549-4]  429-4] 2.83-4] 1.87—-4]
1.33-3] 1.17-3] 1.03-3] 7.49 —4] 5.61—4] 431-4] 2.83-4] 1.8 —4]

1-3 1.07-2] 1.19-2] 1.1 -2] 1.2 -2] 1.31-2] 1.34-2] 1.43-2] 1.49-2]
1.07-2] 1.14-2] 1.29-2] 1.27-2] 1.37-2] 133-2] 1.43-2] 1.47-2]

1.23-2] 1.24-2] 1.29-2] 1.29-2] 1.24-2] 12§-2] 1.30-2] 1.35-2]

8. —31° 1.17-21° 123-21° 1.4q—-2]°

1-4 6.10—3] 5.3 — 3] 4.79 3] 3.49 3] 260-3] 207-3] 1.34-3] 8.85-4]
6.29 —3] 5.54 —3] 4.89 3] 3.5 —3] 266-3] 2.09-3] 1.3§-3] 8.94-4]

6.34 —3] 5.5 — 3] 4.9q0 3] 3.6 3] 267-3] 209-3] 1.39-3] 8.79-4]

1-5 3.15—-1] 3.41-1] 3.64 —1] 4.1 -1] 469-1] 499-1] 549-1] 5.87-1]
3.09-1] 3.30-1] 3.5q-1] 414-1] 473-1] 499-1] 557-1] 599-1]

2.74-1] 3.07-1] 3.3-1] 3.99-1] 439-1] 469-1] 514-1] 559-1]
359-11° 4.1q-1]° 5.7q—1]°

1-6 1.28—4] 1.17-4] 1.09 - 4] 9.37-5] 854-5] 803-5] 743-5] 7.41-5]
1.27-4] 1.1 - 4] 1.0 —4] 9.0]-5] 8.07-5] 751-5] 690-5] 6.67-5]

1.1 - 4] 1.0 - 4] 0.97-4] 0.8]—4] 073-4] 066-4] 0.60—4] 0.5q4-4]

1-7 1.62—4] 1.33-4] 1.17 4] 7.16-5] 487-5] 341-5] 1.971-5] 1.13-5]
1.74 - 4] 1.39 - 4] 1.1 - 4] 7.40 5] 499-5] 350-5] 2.01-5] 1.14 -5]

1.50 —4] 1.2 -4] 1.0 - 4] 0.69 — 4] 047-4] 033-4] 019-4] 0.11-4]

1-8 5.05—4] 4.97 4] 4.87 4] 4.69 —4] 46-4] 469-4] 476-4] 4.87—4]
5.03 —4] 4.89 —4] 4.7 — 4] 4.60 —4] 457—-4] 459-4] 466-4] 4.7§-4]

5.34 — 4] 4.97—4] 4.77 4] 4.23 - 4] 403-4] 3871-4] 36-4] 3.41-4]

1-9 8.07—4] 8.49 — 4] 8.80 — 4] 9.4 — 4] 99-4] 1.03-3] 1.09-3] 1.13-3]
7.86 —4] 8.2 — 4] 8.5 — 4] 9.2q — 4] 9.70-4] 1.07-3]  1.0§-3] 1.11-3]

9.03 —4] 8.7 — 4] 8.6 — 4] 8.5 — 4] 859-4] 849-4] 824-4] 7.87—4]

6.49 —4]°

1-10 4.00— 4] 3.97-4] 3.8 —4] 3.73-4] 3.66-4] 36q-4] 353-4] 3.50-4]
4.10 - 4] 4.04 —4] 3.99 4] 3.8 —4] 3.81—-4] 37-4] 3.71-4] 3.67—4]

4.89 4] 4.7 4] 4.6q0 4] 4.27 4] 419-4] 4.04-4] 387-4] 3.73-4]

3.47-4]°

3Notation used in this and subsequent tables, e.g.[ +.33=1.24x 10 3.

®Result by DiracR-matrix method from Ref[5].

‘Results by RDW method from RfL0]. TheE; used for each transition were 36.74 Ry, 73.53 Ry, and 367.38 Ry, respectively, which are
slightly different from those in this table.

YResults by RDW method from Ref8].

43% for 1-8, and 44% for 1-10, are found. In contrast, forDirac R-matrix method 5], the value 8.6 10~ 2 obtained by
transitions at low impact energies, most of the discrepanciethis method for the transition 1-3 by Norrington and Grant
stay within 10% except for the transitions 1-3, 1-5, and(NG) may have underestimated the collision strength be-
1-10. This is probably because Bhatia and Mds) used cause of insufficient partial-wave expansinly up tol
insufficient partial wavegonly | <7). They used a Coulomb- =16). As further verification we recalculated this transition
Bethe procedure to extrapolate their results to highresult-  with only partial-wave expansion up te=16 in the present
ing in overestimation for transition 1—3 and underestimatiorcalculation, and obtained a value of .80 2 for the colli-

for transition 1-5 at low impact energies. In comparison, ousrsion strength. If partial-wave expansion up lte 25 was
result agrees better with the fourth entry for transition 1-3 atsed, the collision strength converged to XD 2. There-
E;=15 Ry. Nevertheless, a 20% difference still exists. Al-fore some of the discrepancgabout 10% between the
though the channel coupling effect was considered by th@resent calculation and the NG’s calculation is due to the
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TABLE Il. Comparison of collision strengths for transitions at differBabetween excited levels in the=2 complex. The meaning for
each entry is the same as that of Table I.

. Ei (Ry)
Transition
I-F 15.0 30.0 45.0 85.0 127.5 170.0 250.0 350.0
2-3 1.27-2] 1.04 - 2] 9.37 -3] 6.57 — 3] 481 -3] 3.64 — 3] 241 -3] 1.57-3]

1.31—2] 1.17-2] 959-3] 6.71-3] 489-3] 3.73-3] 244-3] 1.59-3]
1.47 2] 1.20-2] 1.04-2] 711-3] 511-3] 3.8-3] 249-3] 1.60-3]
2-4 9.53—3] 9.09-3] 87-3] 821-3] 799-3] 7.90-3] 7.87-3] 7.93-3]
9.53-3] 8.99-3] 863-3] 814-3] 791-3] 7.83-3] 7.79-3] 7.83-3]
9.63 —3] 8.96-3] 84-3] 7.6§-3] 7.14-3] 679-3] 6.30-3] 5.87-3]
2-5 3.13—3] 269-3] 22§-3] 15-3] 117-3] 837-4] 529-4] 3.29-4]
3.27-3] 271-3] 230-3] 15§-3] 119-3] 833-4] 523-4] 3.27-4]
3.50-3] 294-3] 249-3] 171-3] 119-3] 879-4] 544-4] 3.37-4]
2-6 8.44—4] 7.43-4] 659-4] 479-4] 35§-4] 274-4] 1.8[-4]  1.19-4]
8.79 — 4] 7.77-4]  679-4] 494-4] 369-4] 28[-4] 18§-4]  1.20-4]
9.11 — 4] 794-4] 695-4] 504-4] 369-4] 287-4] 183-4] 1.19-4]
2-7 1.49—1] 1.60-1] 179-1] 199-1] 219-1] 2.39-1] 257-1] 279-1]
1.47—-1] 1.60—1] 1.74-1] 209-1] 227-1] 249-1] 2.6-1] 2.89-1]
1.34—1] 1.49-1] 1.61-1] 189-1] 209-1] 224-1] 24-1] 2.64-1]
2-8 2.32—3] 2.04-3] 1.79-3] 1.31-3] 9.74-4] 751-4] 494-4] 3.26-4]
2.40 - 3] 217-3] 1.8§-3] 1.34-3] 997-4] 7.67-4] 509-4] 3.30—4]
2.47-3] 2.16-3] 1.84-3] 1.39-3] 1.07-3] 7.77-4] 509-4] 3.29-4]
2-9 499-4]  439-4] 3.89-4] 280-4] 20§-4] 160-4] 1.04—-4] 6.93-5]
514-4]  451-4] 39§-4] 28§-4] 217-4] 163-4] 1.01-4] 7.00-5]
550—4]  479-4] 419-4] 3.09-4] 224-4] 1.70-4] 111-4] 0.74-4]
2-10 7.88—5] 6.7§—-5] 584-5] 4.0§-5] 299-5] 217-5] 13§-5] 8.61—6]
8.13-5] 6.97-5] 599-5] 4.1§-5] 29§-5] 220-5] 139-5] 8.6-6]
097-4] 077-4] 06§-4] 049-4] 031-4] 023-4] 014-4]  0.09-4]
3-4 3.64—2] 3.31-2] 3.0§-2] 261-2] 23§-2] 219-2] 203-2] 1.94-2]
3.60—2] 334-2] 3.0-2] 264-2] 23§-2] 219-2] 207-2] 1.97-2]
3.84-2] 3.47-2] 31q-2] 259-2] 219-2] 199-2] 16§-2] 1.49-2]
3-5 9.7¢—3] 8.40—3] 7.33-3] 53§-3] 413-3] 337-3] 259-3] 2.0§-3]
1.00 — 2] 8.60—3] 7.4-3] 543-3] 417-3] 340-3] 257-3] 2.06-3]
1.09 — 2] 9.29-3] 7.94-3] 569-3] 423-3] 334-3] 239§-3] 1.74-3]
3-6 1.55—1] 1.69-1] 1.84-1] 211-1] 234-1] 257-1] 274-1] 3.00-1]
1.54—1] 1.70-1]  1.89-1] 22q-1] 24-1] 270-1] 2.89-1] 3.14-1]
1.47 —1] 1.5§-1]  1.67-1] 209-1] 22§-1] 241-1] 2.64-1] 2.84-1]
3-7 1.12—-1] 1.20-1] 1.29-1] 149-1] 163-1] 1.79-1] 1.91-1] 2.07-1]
1.1 —1] 1.20-1] 1.3q-1] 157-1] 169-1] 1.8§—-1] 1.99—-1] 2.1§-1]
1.04 —1] 1.14-1] 123-1] 147-1] 15§-1] 167-1] 1.81-1]  1.99-1]
3-8 1.93—1] 20§-1] 224-1] 2571-1] 287-1] 3.04-1] 329-1] 35-1]
1.90—1] 2.09-1] 229-1] 263-1] 297-1] 3.1-1] 3.39-1] 3.66-1]
1.69 —1] 1.84-1] 1.9§-1] 24q-1] 269-1] 2.84-1] 31q-1] 3.33-1]
3-9 1.18—2] 1.23-2] 12-2] 139-2] 149-2] 150-2] 1.6§-2] 1.79-2]
1.29 —2] 1.2§-2] 1.30-2] 140-2] 154-2] 160-2] 1.79-2] 1.8§-2]
1.1 - 2] 117-2] 119-2] 130-2] 13§-2] 1.43-2] 154-2] 1.64-2]
3-10 6.79—4] 6.59—4] 6.3—4] 6.03-4] 594-4] 593-4] 6.00-4] 6.23-4]
7.00 —4] 6.77—-4] 6.49-4] 6.10-4] 6.07-4] 6.10-4] 621-4]  6.46—4]
6.1 — 4] 6.0J—-4] 58§-4] 639-4] 500-4] 40§-4] 3.00-4] 2.23-4]
4-5 1.65—2] 1.40-2] 119-2] 837-3] 6.04-3] 463-3] 3.071-3] 2.1q0-3]
1.6 —2] 1.497-2] 121-2] 839-3] 6.0§-3] 460-3] 3.04-3] 2.0§-3]
1.84 2] 154-2] 131-2] 899-3] 63§-3] 479-3] 3.04-3] 1.99-3]
4-6 52[1-4]  461-4] 407-4] 3.00-4] 229-4] 1.79-4] 117-4] 7.73-5]
550-4]  4.8§-4] 429-4] 3.19-4] 239-4] 187-4] 1.21-4] 7.99-5]
5.79 — 4] 509-4] 443-4] 3.29-4] 241-4] 18§-4] 123-4] 0.80-4]
4-7 1.92—-1] 2.0§-1] 229-1] 264-1] 291-1] 319-1] 3.3§-1] 3.69-1]
1.97—1] 211-1] 231-1] 271-1] 3.0§-1] 333-1] 35J-1] 3.8§-1]
1.8 —1] 2.09-1] 2294-1] 259-1] 279-1] 299-1] 324-1] 3.47-1]
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TABLE Il. (Continued).
Transition Ei Ry
1-F 15.0 30.0 45.0 85.0 127.5 170.0 250.0 350.0
4-8 4.23-1] 4.63-1] 499-1] 569-1] 631-1] 694-1] 7.40-1]  8.0§-1]
421 -1] 4.69-1] 510-1] 590-1] 65§-1] 7.37-1] 7.69-1]  847-1]
4.00-1] 5.34—1] 487-1] 55§-1] 610-1] 654-1]  71G-1]  7.69-1]
4-9 1.57—1] 1.64-1] 1.7 -1] 1.94-1] 2.13-1] 2.29-1] 2.4 1] 2.6 1]
150 1] 161-1] 169-1]  197-1] 219-1] 237-1] 253-1] 2.7q-1]
134-1] 1.46 - 1] 156-1] 179-1] 1.99-1] 20§-1] 226-1] 2.43-1]
4-10 1.66—3] 1.45 - 3] 126-3] 9.03-4] 661-4] 503-4] 326-4] 2.10-4]
1.77-3] 1.4§ - 3] 129-3] 919-4] 670-4] 509-4] 32§-4] 2.10-4]
1.76 — 3] 1.5 3] 137-3] 9.44-4] 6.83-4] 519-4]  330-4]  2.0-4]
5-6 9.35—3] 1.07-2] 116-2] 12§-2] 144-2] 14§-2] 153-2]  157-2]
1.21-2] 1.49-2] 15q-2] 153-2] 170-2] 179-2] 173-2] 174-2]
1.10-2] 1.19-2] 129-2] 154-2] 133-2] 11§-2] 970-3]  7.93-3]
1.17-2]°
5-7 6.16—3] 6.3 — 3] 657-3] 65§-3] 650-3] 66§-3] 674-3]  6.71-3]
6.5 — 3] 6.9 — 3] 710-3] 69§-3] 68[-3] 7.07-3] 69§-3]  6.87-3]
6.97—3] 6.87—3] 6.79-3] 859-3] 679-3] 559-3] 413-3]  3.09-3]
6.40 —3]°
5-8 1.60—1] 189-1]  201-1] 243-1] 259-1] 279-1] 299-1]  317-1]
1.7 - 1] 2.09-1] 226-1] 269-1] 274-1] 299-1]  319-1]  3.26-1]
159 -1] 1.77-1] 191-1] 219-1] 239-1] 2593-1] 279-1] 2.89-1]
2.04-1]°
5-9 6.22—1] 6.94 1] 754-1]  8.91-1] 1.01+0 1.05+0 1.16+0 1.24+0
6.39 —1] 7.27-1] 7.95-1]  9.47-1] 1.08+0 1.10+0 1.22+0 1.314+0
5.97—1] 6701-1]  737-1] 853-1] 937-1]  9.99-1] 1.09+0 1.16+0
5-10 2.46—1] 269-1]  287-1] 337-1] 369-1] 399-1]  43q-1]  467-1]
257-1] 2.7 -1] 299-1] 353-1] 397-1] 433-1] 461-1] 507-1]
236 1] 259 -1] 279-1]  28§-1] 354-1] 376-1] 410-1]  4.41-1]
6-7 1.35—2] 1.1 -2] 1.00-2]  7.11-3] 529-3] 401-3] 263-3] 1.74-3]
1.39-2] 1.19-2] 1.07-2] 724-3] 530-3] 409-3] 269-3] 173-3]
1.59 —2] 1.34-2] 119-2] 793-3] 571-3] 431-3] 279-3]  1.79-3]
6-8 1.39—2] 1.29-2] 127-2] 109-2] 104-2] 9.8§-3] 951[-3]  9.3§-3]
1.47-2] 131-2]  124-2] 111-2] 104-2] 10q-2] 9.6§-3]  9.49-3]
1.50 2] 1.3 -2] 129-2] 107-2] 949-3] 873-3] 781-3]  7.09-3]
6-9 2.72-3] 2.28 - 3] 194-3] 137-3] 947-4] 7.06-4] 453-4] 2.97-4]
2.83 3] 2.37-3] 200-3] 13§-3] 964-4] 7.29-4] 464-4]  3.03-4]
3.3 -3] 2.79-3] 237-3] 151-3] 1.0§-3] 7.6§-4] 474-4]  2.9§-4]
6-10 5.06—4] 4.1 - 4] 347-4] 229-4] 154-4] 1.09-4] 633-5]  4.03-5]
53[-4]  43§-4]  3.69-4] 239-4] 159-4] 119-4] 679-5]  524-5]
637-4]  5101-4]  419-4] 263-4] 174-4] 120-4] 680-5]  3.90-5]
7-8 3.90-2] 3.49 2] 316-2] 259-2] 2201-2] 1.99-2] 174-2] 159-2]
4.07 2] 3.57-2] 329-2] 279-2] 229-2] @ 204-2] 179-2] 1.64-2]
4.37-2] 3.81-2] 339-2] 263-2] 219-2] 18§-2] 150-2] 1.27-2]
7-9 2.21-2] 1.97-2] 17G-2] 129-2] 1.04-2] 88§-3] 7.20-3] 6.19-3]
2.29-2] 1.97-2] 174-2] 134-2] 1.09-2] 894-3] 7.26§-3]  6.29-3]
253 -2] 2.1 -2] 187-2] 137-2] 109-2] 86q-3] 647-3] 5.09-3]
7-10 3.20-3] 2.66 —3] 229-3] 149-3] 103-3] 7.46-4] 451-4] 2701-4]
3.37-3] 2.79-3] 23q-3] 157-3] 1.09-3] 7.57-4] 459-4] 277-4]
3.81-3] 3.19-3] 113-3]  1.67-3] 119-3]  809-4] 474-4]  2.79-4]
8-9 5.25—2] 4.74-2] 435-2] 369-2] 326-2] 303-2] 279-2] 263-2]
5.30 - 2] 4.77-2] 439§-2] 36§9-2] 321-2] 303-2] 279-2] 2.64-2]
5.89 —2] 5.14 —2] 461-2]  3671-2] 309-2] 279-2] 231-2] 201-2]
8-10 7.07-3] 6.49 —3] 594-3] 5171-3] 473-3] 451-3] 433-3]  4.29-3]
7.1 3] 6.55 —3] 6.27-3] 529-3] 474-3] 450-3] 431-3]  4.26-3]
8.07 —3] 7.09 —3] 633-3] 509-3] 440-3] 399-3] 353-3]  3.20-3]
9-10 1.98-2] 1.94-2] 194-2] 201-2] 207-2] 213-2] 229-2] 231-2]
1.99-2] 1.94-2] 199-2] 203-2] 209-2] 214-2] 224-2] 2.33-2]
1.91—2] 1.8 — 2] 184-2] 184-2] 184-2] 18[-2] 171-2] 1.7q-2]

8Results by RDW method from Reff8].
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TABLE Ill. Comparison of collision strengths for transitions at differ&tfrom levels in %2 or 2s2p to levels in &3l (I=s,p,d),
which include resonance transitions and transitions between excited levels. The meaning for each entry is the same as that of Table I.

Transition Ei (Ry) Transition Ei (Ry)
I-F 85.0 127.5 170.0 250.0 350.0 I-F 85.0 127.5 170.0 250.0 350.0
1-11  1.15-3] 6.93-4] 4.67-4] 2.66—4] 1.57-4] 2.04-3] 1.16-3] 7.40-4] 3.81-4] 2.04-4]
1.17-3] 6.6§—4] 4.47-4] 253—4] 1.49-4] 2.1-3] 1.23-3] 7.77-4] 3.93-4] 2.04-4]
1.0§-3] 6.5§—-4] 4.41—-4] 2.49—-4] 1.40—-4] 2-19 1.92-3] 1559-3] 1.43-3] 1.39-3] 1.47-3]
1-12 1.35—-2] 1.4-2] 1.5-2] 1.64-2] 1.70—-2] 1.93-3] 1.54-3] 1.41-3] 1.37-3] 1.39-3]
1.2§-2] 1.40—-2] 1.44-2] 157—-2] 1.69—-2] 1.89-3] 1.3§—-3] 1.14—-3] 9.39-4] 8.14—4]
1.10-2] 1.27—2] 1.37—2] 1.49-2] 1.50-2] 2-20 1.94-3] 1.10-3] 7.00—-4] 3.59—-4] 1.90-4]
1-13 3.50—3] 5.3§—-3] 7.14—-3] 1.01-2] 1.31—2] 1.94-3] 1.10-3] 6.97—4] 3.5d—-4] 1.89—4]
1.7q0-3] 2.10—3] 2.5 -3] 3.43-3] 4.37-3] 2.09-3] 1.17-3] 7.3§-4] 3.70—4] 1.91-4]
426—-3] 469-3] 557—-3] 7.13-3] 9.49-3] 3-11 1.41-3] 1.74-3] 2.17-3] 3.04—-3] 3.99-3]
1-14  2.86—4] 1.80—4] 1.27-4] 6.79—5] 3.84 5] 1.20-3] 1.37-3] 1.6§3-3] 2.19-3] 2.80—3]
2.81—-4] 1.77—-4] 1.20-4] 6.694—-5] 3.79-5] 1.4§-3] 1.57-3] 1.69—-3] 2.293-3] 3.04-3]
2.81—4] 1.79-4] 1.17-4] 6.37—-5] 3.37-5] 3-12 3.77—4] 2.61—-4] 1.97—-4] 1.24d-4] 8.94-5]
1-15  458—3] 7.57—3] 1.04—2] 150-2] 1.9-2] 350 —4] 2.46-4] 1.87-4] 1.37-4] 1.09-4]
6.09 —3] 1.04—-2] 1.49-2] 2.13-2] 2.81—2] 3.6§-4] 249—-4] 1.87—-4] 1.1d—-4] 7.63-5]
469-3] 7.34-3] 9.79-3] 1.39-2] 1.93-2] 3-13 1.78-2] 1.83-2] 1.84-2] 1.91-2] 1.94-2]
1-16  1.41-3] 8.81—4] 599-4] 3.39—4] 1.87-4] 220-2] 2.29-2] 2.34-2] 2.41-2] 2.47-2]
1.37—-3] 8.6§—4] 5.87-4] 3.2§—4] 1.84-4] 1.54-2] 1.69-2] 1.701-2] 1.7§-2] 1.79-2]
1.49-3] 890—-4] 599-4] 323-4] 1.70-4] 3-14 836—4] 520—4] 3.54-4] 1.99—-4] 1.1-4]
1-17 1.64—3] 9.80—4] 6.53—4] 3.57—-4] 2.07—4] 8.09-4] 5.09—4] 3.40—-4] 1.90—-4] 1.1q0-4]
1.64—-3] 1.01—-3] 6.67—4] 3.6—-4] 2.04d—-4] 8.4 —4] 5.29—-4] 3.53—-4] 1.93-4] 1.04-4]
1.66—-3] 1.00—3] 6.59—4] 3.49-4] 1.87-4] 3-15 1.06—2] 1.09-2] 1.04—2] 1.09-2] 1.0§—2]
1-18 2.75—3] 1.74-3] 1.201—-3] 7.59—-4] 5.1 —4] 3.29-3] 249-3] 2.11-3] 1.79-3] 1.63-3]
2.84-3] 1.79-3] 1.29-3] 7.83—4] 5.4 4] 1.07-2] 8.04—3] 6.47-3] 4.97-3] 4.14-3]
2.79-3] 1.73-3] 1.1§-3] 654—4] 3.79-4] 3-16  4.75—3] 4.19-3] 3.97-3] 3.97-3] 4.0 3]
1-19 3.84—3] 2.30—-3] 1.53-3] 8.37—4] 4.74—4] 424—-3] 3.44-3] 3.1§-3] 3.01—-3] 3.04-3]
3.99-3] 2.33—-3] 1.54-3] 8.41—-4] 4.79—-4] 5.03—-3] 3.59—-3] 2.60—3] 1.59—-3] 9.7 —4]
3.89—-3] 2.31—-3] 1.57-3] 8.04—-4] 4.37-4] 3-17 2.07—-2] 251-2] 293-2] 3.63-2] 4.34-2]
1-20 1.69—3] 2.27—-2] 2.70—-2] 3.29-2] 3.69—2] 1.94-2] 2.33-2] 2.70—-2] 3.37-2] 3.94-2]
1.6§-2] 2.27—-2] 2.70—-2] 3.2d-2] 3.71—2] 2.01-2] 2.3§—-2] 2.69—2] 3.19-2] 3.74 2]
1.6d—-2] 1.901—-2] 1.87—2] 1.6§—-2] 1.49-2] 3-18 5.69—2] 7.37-2] 873—-2] 1.10-1] 1.31-1]
2-11  4.71-4] 579-4] 7.23-4] 1.00—3] 1.31-3] 5.3§-2] 6.89—2] 8.11-2] 1.01—-1] 1.20-1]
409—-4] 459-4] 5.41—4] 7.29-4] 9.3q—4] 5.49-2] 6.84—2] 7.9§-2] 9.64—2] 1.1§-1]
490—-4] 5.00-4] 557—4] 7.20-4] 9.7§-4] 3-19  7.24—3] 5.09-3] 4.09-3] 3.40-3] 3.14-3]
2-12 1.28—4] 8.33-5] 5.91—-5] 3.47-5] 2.04-5] 7.23—-3] 5.001—3] 4.09-3] 3.3§—-3] 3.10-3]
1.14—-4] 7.61—5] 5.44—-5] 3.19-5] 1.89-5] 7.33—-3] 474-3] 3.53-3] 253-3] 1.99-3]
1.24—-4] 0.84—4] 0.57—4] 0.33—-4] 0.19-4] 3-20 6.07—3] 3.81—-3] 2.79—-3] 1.97-3] 1.64-3]
2-13 6.86—4] 4.19—-4] 2.79—-4] 1.53-4] 8.6 —5] 6.20—3] 3.99-3] 2.99—-3] 2.271-3] 2.03-3]
7.77—4] 4.79—-4] 3.23-4] 1.79-4] 1.07-4] 6.30—3] 4.04-3] 2.99-3] 1.97-3] 1.83-3]
6.81—4] 4.201—4] 2.80-4] 153-4] 0.85-4] 4-11  2.41-3] 3.09-3] 3.84-3] 5.33-3] 6.99 3]
2-14 8.12—3] 8.63—-3] 8.94—-3] 9.271-3] 9.49-3] 2.04-3] 2.493-3] 299-3] 3.97-3] 5.11-3]
7.0§—-3] 7.54—-3] 7.74—-3] 8.01—3] 8.27—3] 251—-3] 2.69—3] 3.0§-3] 4.29—-3] 6.09-3]
6.44—3] 7.1d—-3] 7.54-3] 7.91-3] 810-3] 4-12 6.08—4] 4.09—-4] 2.8§-4] 1.69—-4] 9.97-5]
2-15 1.06—3] 6.63—-4] 455—-4] 2.60—4] 1.53—-4] 5.7 —-4] 3.84d—4] 2.74—-4] 1.59—-4] 9.37-5]
851 —4] 5.30—4] 3.64—4] 2.07—-4] 1.17—4] 6.1 —4] 4.09-4] 2.83-4] 1.61-4] 9.1§-5]
1.01—-3] 6.47—4] 434—4] 2.47—-4] 1.37—4] 4-13 4.84—-3] 3.80—3] 3.33—-3] 3.00—-3] 2.91-3]
2-16  1.61—-3] 1.5§-3] 1.59-3] 1.64-3] 1.7 -3] 439 -3] 3.54-3] 3.19-3] 3.00—-3] 2.99-3]
1.3§-3] 1.23-3] 1.19-3] 1.29-3] 1.29-3] 4.79-3] 3.43-3] 257-3] 1.54-3] 9.97-4]
1.69-3] 1.26-3] 9.27-4] 559—4] 3.5§-4] 4-14 1.65—3] 1.57—3] 1.59-3] 1.69—-3] 1.81-3]
2-17  2.44-2] 3.20-2] 3.84-2] 4.8—2] 5.8 2] 1.49-3] 1.31-3] 1.29-3] 1.34-3] 1.41-3]
22d—-2] 2.99-2] 3.57-2] 4.43-2] 5.31-2] 1.67—-3] 1.2§—-3] 9.63—-4] 6.09-4] 4.11-4]

2.33-2] 3.00-2] 3.50-2] 424-2] 50§-2] 4-15 3.80—3] 2.77-3] 2.29-3] 1.93-3] 1.79—3]
2-18  2.06—3] 1.1§-3] 7.50—4] 3.84—4] 2.07—4] 3.79-3] 2.39-3] 1.70-3] 1.10-3] 7.99—4]
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TABLE lll. (Continued).

Transition Ei (Ry) Transition Ei (Ry)
I-F 85.0 127.5 170.0 250.0 350.0 I-F 85.0 127.5 170.0 250.0 350.0
4.07-3] 2.60—-3] 1.7§-3] 9.71—4] 5.54—4] 3.27-3] 2.64—-3] 2.34-3] 2.1q-3] 2.00-3]
4-16  4.62-2] 4.73-2] 4.87-2] 4.94-2] 5.04-2] 3.34-3] 2.49-3] 1.94-3] 1.43-3] 1.14-3]
413-2] 4.21-2] 429-2] 437-2] 449-2] 5-14 7.41-4] 469-4] 3.19—-4] 1.80—4] 1.04—4]
437-2] 4.49-2] 459-2] 459-2] 4.6]—2] 7.74-4] 4.87—-4] 3.27—4] 1.84-4] 1.06—4]
4-17  5.71-3] 5.04-3] 4.93-3] 5.19-3] 5.6 3] 7.80—-4] 4.87—-4] 3.23—4] 1.71-4] 0.99 4]
570-3] 4.94-3] 480-3] 5.0[-3] 5494-3] 5-15 1.0p—2] 1.04-2] 1.09-2] 1.0§-2] 1.10-2]
5.60—3] 4.59-3] 4.17—3] 4.04-3] 4.1 3] 2.34-2] 2.47-2] 257—-2] 2.6§-2] 2.7§-2]
4-18  2.65-2] 2.99-2] 3.3§-2] 4.03-2] 4.74-2] 7.7 -3] 8.39-3] 8.59-3] 8.73-3] 8.79-3]
259-2] 2.83-2] 3.17-2] 3.79—-2] 44]-2] 5-16 3.55—3] 2.24-3] 1.5§-3] 9.10—4] 5.6 4]
257—-2] 2.80-2] 3.04—2] 35]—2] 4.17]-2] 3.69—-3] 2.29-3] 1.57-3] 9.10—4] 5.5 —4]
4-19  1.13-1] 1.44-1] 1.67-1] 2.09-1] 2.49-1] 3.87-3] 2.39-3] 1.59-3] 8.6 —4] 4.80—4]
1.07-1] 1.34-1] 1.57-1] 1.99-1] 2.33-1] 5-17 3.88—3] 2.5§—3] 1.9§-3] 1.59-3] 1.3§-3]
1.06-1] 1.34-1] 1.41-1] 1.84-1] 2.29-1] 4.09-3] 2.6§-3] 2.09-3] 1.59-3] 1.44-3]
4-20  9.16—3] 5.2§-3] 3.39-3] 1.84-3] 1.07-3] 42§ -3] 2.70-3] 1.99-3] 1.45-3] 1.29-3]
9.29-3] 537-3] 3.44-3] 1.8§-3] 1.14-3] 5-18 5.88—3] 3.69—3] 2.70—-3] 1.94-3] 1.64-3]
9.5 -3] 5.54—-3] 3.54—3] 1.8§-3] 1.07—3] 5.99-3] 3.64-3] 2.56—3] 1.69-3] 1.39—3]
5-11  9.68—4] 6.70—4] 5.01—4] 3.40—4] 2.57—4] 6.63—3] 3.93-3] 3.09-3] 1.6§-3] 1.2§-3]
1.00—-3] 6.89-4] 511—-4] 3.40-4] 254-4] 5-19 7.07-3] 4.071—3] 2.69-3] 1.39—-3] 7.81-4]
1.00-3] 6.771-4] 4.84—4] 3.19-4] 2.37—4] 7.34-3] 4.19-3] 2.67-3] 1.40-3] 7.81—4]
5-12  5.39-4] 7.69—4] 1.01-3] 1.44—-3] 1.90-3] 7.81—3] 4.3§-3] 2.74—-3] 1.37-3] 7.24—4]
6.47—4] 9.87—4] 1.33-3] 1.94-3] 25§-3] 5-20 6.98—2] 8.93-2] 1.0§d-1] 1.3[—1] 1.59-1]
426-4] 6.14—4] 8.3d—4] 1.31-3] 1.99 3] 797-2] 1.03-1] 1.29-1] 1.59-1] 1.81—1]
5-13  4.18—3] 3.87—3] 3.71-3] 3.74-3] 3.79-3] 6.04-2] 7.94-2] 9.39—2] 1.13-1] 1.3§-1]

channel coupling neglected in our calculation while the rethan 10% for about half of the total transitions. Some dis-
mainder(the other 10% may be attributed to the insufficient crepancies are even a few times, such as for transitions 3—-10
partial-wave used in NG's calculation. This phenomenon(2.8 times, 5-6(2 times, and 5-7(2.2 time3. In compari--
was also noted by Bhatia and Masfib] when comparing SON, at low impact energies, the discrepancies are relatively
their result for this transition with that obtained by the Breit- SMall though again they are greater than 10% for nearly half

. . . of the total transitions. Again, this is probably because
Pauli R'”f'".’“”x method[7]. There are large differences for Bhatia and Masofl6] used?nsuﬁicient paFr)tiaI Wa¥/QSnly
the transitions 1-9 and 1-10 Petween the present RDW '9<7). In addition, the lack of full relativistic effect in Ref.
sult and Zhang and Sampson’s result obtained by the sa

hod. Th for th diff . inlv b 6] may be responsible for part of these discrepancies. In
method. The reason for t I€SE dIferences 1S mainly becausfie comparison with the result of the fourth entries calculated
only ten-level MCDF configuration expansion was used in

) by Zhang and Sampsdm] for transitions from level 5 to
Zh.ang and Sampson’s calculation, and so not enough corrgs,c1s 6-8 at electron impact energy 30 Ry, quite different
lation effect was caught. cases appear. Our results approach those in[BEfor tran-

In Table Il, the collision strengths at eight electron-impactsijtions 5—7 and 5—8 but BM's result approaches that in Ref.
energiesE; between excited levels in the=2 complex are  [8] for transition 5—6. So, from the comparisons @f in
presented. The meaning for each entry in each transition i$able VI of Ref.[3], we find that different results may ap-
the same as that in Table I. Also, for transitions from level Spear no matter whether thggf values are the same or not in
to levels 6—8, selected collision strengths calculated by anthe different EIE calculation models, since the collision
other RDW method8] are given in the fourth entries for strengths andjf are the integrated results, and are sensitive
comparisons. Like the comparisons made in Table |, the reto different parts of the orbital wave functions.
sults in the first and the second entries are generally in good Some different conclusions may be drawn from an inspec-
agreement to within 5% except that for some transitions ation of Table Ill, which gives the collision strengths for reso-
high impact energies a 10% difference may be found. Theance transitions and transitions between excited levels from
good agreement is partly due to the properly calculated ortevels in 2? or 2s2p to levels in Z3l (I=s,p,d) at five
bitals related to these transitions resulting in good agreemedntifferent electron-impact energies. In contrast to the com-
of the oscillator strengthsg(f ). This can be seen in Table parisons made in the previous two tables, the results in the
VI of Ref. [3], where the electric dipolegf in the n=2 second entries are quite different from those in the first en-
complex were calculated in the 133-level MCDF CE andtries, especially for transitions at low impact energies. Dif-
20-level MCDF CE, respectively. When comparisons beferences of more than a few times are found for some tran-
tween the first or second entries and the third entries for eacsitions. Most of these transitions have final transition levels
transition are made at high impact energies, the discrepancid8—16. It is interesting to note that there are very strong
are far larger than those in Table I. Indeed, they are greateronfiguration interaction(Cl) and relativistic and higher-
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2¢2 130_233p(1/2,1/2)1 transitions in Table Ill. When the comparisons are made be-
tween the results in 133-level MCDF CE and those in the

0.030 third entries of each transition calculated by Bhatia and Ma-
o el son[16], significant differences larger than those in the pre-
0.025 | A BM vious two tables can be found, especially at high electron
v SCG impact energies. Comparisons of the correspondjifigin
Table V of Ref.[3] also show large differences. Hence, the
0.020 orbital wave functions for the resonance transitions to high
levels or transitions between excited levels are obviously
o 0015 - more sensitive to the calculated models than those between

relatively low levels. Also, the present calculation by RDW
instead of nonrelativistic DW may be responsible for part of
0.010 | these great differences, because the continuum electron
orbitals are solved from coupled Dirac equatidds]. In
Fig. (@ and Fig. 1b), we show the collision strengths
0.005 1 versus the incident electron energy for transitions from the
ground state tqgj-coupling states £2p(1/2,1/2)1[3] and
253p(1/2,3/2)1, respectively, by four calculation models,
0 200 400 600 800 1000 1200 ?.e., the 133-level MCDF CE an_d 20-level MCDF CE m_oc_ie!s
E in the present RDW calculations, 46-level nonrelativistic
(a) ! DW calculations by Bhatia and Mas$m6], and nonrelativ-
21 istic Coulomb-Born-exchange calculations by Sampsioal.
2s" 'S,—2s3p(1/2,3/2)1 [11]. It is interesting to note that the trends of the results of
0.06 Sampsoret al. [11] are closer to those of the present 133-
level MCDF CE model than the 20-level MCDF CE model,
133-level and even closer than those of Bhatia and Mason'’s calculation
[16] for the transition from 8% 1S, to 2s3p(1/2,1/2)1. From
the above comparisons, we come to the conclusion that the
RDW method with the atomic structure calculated in 133-
level MCDF CE is necessary to calculate accurate collision
strengths for the transitions in Table III.

The Coulomb-Born-exchange collision strengths for
Fexxi calculated by Sampsoet al. [11] are based on an
assumption that the zero-order continuum wave functions are
antisymmetric sums of aN+1 hydrogenic-ion wave func-
tion, of which one is a free Coulomb function and the other
N are hydrogenic bound-state functions. Spin-orbit interac-
tion is introduced as a perturbation. As mentioned above,
their results are close to ours with 133-level MCDF CE for
0.00 : : : : : resonance transitions to levels 13 and 15. We next compare
0 200 400 600 800 1000 1200 their other results, if calculated, with ours using the 133-level

b) E MCDF CE procedure. As shown in Fig(a&, their results for
the transition »%(1/2,1/2)0—23d(1/2,1/2)1 are again in

FIG. 1. Plots of collision strength® (dimensionlessagainst close agreement with ours because the correlation and rela-
incident electron energly; in Ry for two resonance transitions from tivistic effects are not yet important for this transition. In
ground state to statess2p(1/2,1/2)1(a) and 23p(1/2,3/2)1(b),  Figs. Ab) and 4d), we compare the collision strengths for
respectively. Curves labeled “133-level” and “20-level” are cal- the transitions from levels#(1/2,1/2)0 and p%(3/2,3/2)0,
culated by the 133-level and 20-level MCDF configuration expan-respectively, to level g3d(3/2,3/2)1. In both cases, the
sion, respectively, in the present RDW calculations; curve labele¢ryes for the collision strengths as a function of impact
“BM'_’ refers to the 46-level nonrelativistic DW calculations by gajectron energieE; decrease at first and then increase with
Bhatia and Masori16] and curve labeled “SCG” refers to the jcreasingE; . Although the trends of collision strengths
nonrelativistic Coulomb-Born-exchange calculations by Sampsorblotted againsE; are the same, there are great differences in
etal.[11]. magnitude between the two methods used, especially at high

E;, because the overall collision strengths for the two tran-
order relativistic effects in levels 13-16, which have beensitions are small and the other configurations included in the
extensively analyzed from their energy levels and the dipoléMCDF CE in Eq.(2.3) of Ref.[3] contribute more signifi-
transitions related to these levels in Rd]. This evidence cantly. The contributions calculated with the two methods at
indicates that the orbitals related to these transitions as cahigh E; are quite different. Their collision strengths for tran-
culated by the 133-level MCDF CE and the 20-level MCDF sition 2p?(1/2,1/2)0—23d(3/2,5/2)1, as shown in Fig®,

CE procedures are quite different. Therefore, the 133-levedre similar to ours, but thei; dependence is qualitatively
MCDF CE procedure is necessary for EIE calculation for thedifferent from that observed in our result.
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FIG. 2. Plots of collision strength® (dimensionlessagainst incident electron energy in Ry for four transitions between excited levels
from state D?(1/2,1/2)0 to states 23d(1/2,3/2)1, 3d(3/2,3/2)1, and p3d(3/2,5/2)1 (a)—(c) and from state @?(3/2,3/2)0 to state
2p3d(3/2,3/2)1(d), respectively. Curve labeled “133-level” is calculated by the 133-level MCDF configuration-expansion in the present
RDW calculations and curve labeled “SCG” is from the nonrelativistic Coulomb-Born-exchange calculations by Sanakdhl].

In Table IV, we present the collision strengths at fivein both of the two calculation modes are very large, the col-
electron impact energids; for transitions from excited lev- lision strengths increase with increasiagin the first entries
els in 2p2 or 2s3l (I=s,p,d) to excited levels in 83l (I and decrease in the second entries. This represents strong
=s,p,d). No other results are available in the literature forevidence that it is necessary to use the 133-level MCDF CE
comparisons. The results by 20-level MCDF CE in the secmode to obtain the collision strengths between high excited
ond entries of each transition are greatly different from thosgeyvels in RDW calculations.
in the first entries, which were calculated by 133-level
MCDF CE. The differences are larger than those in the pre-
vious tables. Even the qualitative trends of the collision IV. SUMMARY
strengths against the impact electron energigsor some
large-collision-strength transitions are different. For ex- The relativistic distorted-wave method has been used for
ample, for transition 13—18, in which the collision strengthsthe calculation of excitation processes forxeai in the dy-
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TABLE IV. Comparison of collision strengths for transitions at five differEpfrom excited levels in p? or 2s3l (I=s,p,d) to excited
levels in 3I(l=s,p,d). The meanings for the first and second entries are the same as those of Table I.

. Ei (Ry) . Ei (Ry)
Transition Transition
I-F 85.0 127.5 170.0 250.0 350.0 I-F 85.0 127.5 170.0 250.0 350.0
6-11 7.66—6] 459-6] 3.00-6] 1.61-6] 8.99—-7] 8-17 6.72—-5] 4.73-5] 3.73-5] 2.8§-5] 2.47-5]
6.14-6] 3.79-6] 259-6] 1.50-6] 8.9 7] 490-7] 279-7] 180-7] 9.63-8] 5.43-8]
6-12 8.11-6] 7.64§—-6] 7.54—-6] 7.49—-6] 7.5 -6] 8-18 7.19-5] 551-5] 4.743-5] 4.17-5] 3.92-5]
1.04—-4] 1.11-4] 1.14-4] 1.21-4] 1.24-4] 1.19-6] 7.83-7] 6.09—-7] 461—-7] 3.8§—-7]
6-13 6.56—5] 7.03-5] 7.57-5] 839-5] 9.37-5] 8-19 5.19-5] 4.08-5] 3.60—5] 3.2§-5] 3.29 —5]
1.99-5] 25-5] 3.14-5] 4.04-5] 4.99-5] 1.13-6] 6.44-7] 414-7] 227-7] 1.25-7]
6-14 29%5-6] 1.74—-6] 1.171-6] 6.24—-7] 3.43-7] 8-20 7.92—-4] 7.97—-4] 8.03—-4] 81(0—-4] 8.11-4]
1.61-6] 1.03-6] 6.94—-7] 3.81—-7] 2.21-7] 499 -5] 4.99-5] 5.03-5] 5.04—-5] 5.19-5]
6-15 7.44-5] 7.63-5] 7.99-5] 874-5] 9.69—-5] 9-11 4.20-5] 257-5] 1.73-5] 9.71-6] 5.64—6]
5.9 -5] 9.44-5] 1.2d—-4] 1.76q—-4] 2.2 —4] 759—-7] 40Q-7] 244-7] 1.21—-7] 6.89-8]
6-16 1.67—5] 1.09-5] 7.29-6] 4.1J—-6] 2.40-6] 9-12 7.76—5] 9.2§-5] 1.04-4] 1.20-4] 1.37-4]
8.03—-6] 5.00—-6] 3.3§—6] 1.84—-6] 1.0§-6] 157-5] 190-5] 2.19-5] 258-5] 2.90-5]
6-17 3.20—5] 2.0§—-5] 1.43-5] 8.21-6] 4.79-6] 9-13 1.04—-4] 149-4] 1.871—-4] 259-4] 3.33-4]
9.0§ -6] 557-6] 3.70—-6] 2.04—-6] 1.14-—6] 6.494 -6] 8.43-6] 1.09-5] 1.39—-5] 1.74-5]
6-18 3.90—5] 3.44-5] 3.34—-5] 3.34-5] 3.44-5] 9-14 1.08-5] 594-6] 3.70—-6] 1.84-6] 9.33-7]
154-5] 9.80—-6] 7.09—-6] 455-6] 3.30—-6] 423-7] 2.14-7] 1.29-7] 6.23-8] 3.27-8]
6-19 2.12-5] 1.24d-5] 829-6] 4.44-6] 2.51-6] 9-15 2.61-4] 4.24d—-4] 574—-4] 823—-4] 1.01-3]
2.10-5] 1.2§-5] 854—-6] 4.71-6] 2.64—6] 2.0§—-5] 3.2d-5] 4.3§-5] 6.2d—-5] 8.03 5]
6-20 1.11-4] 1.2d-4] 1.39-4] 159-4] 1.79-4] 9-16 1.17-4] 117-4] 1.14-4] 124-4] 1.371—4]
1.34-4] 1.77—-4] 2.00—-4] 2.3§—-4] 2.63—4] 3.44-6] 253-6] 2.20-6] 2.00-6] 2.17-6]
7-11 197-5] 1.30—-5] 9.49-6] 6.47-6] 4.8 6] 9-17 2.66—5] 1.71-5] 1.19-5] 7.01-6] 4.29-6]
0.0 0.0 0.0 0.0 0.0 1.51-6] 86Q—-7] 553-7] 2971—-7] 1.61-7]
7-12 7.61-6] 451-6] 293-6] 151-6] 7.99-7] 9-18 5.92-5] 4.10-5] 3.14-5] 2.31-5] 1.84-5]
279-7] 1.74-7] 1.20-7] 6.54—-8] 3.54—8] 3.1§-6] 2.19-6] 1.69—-6] 1.29-6] 1.10-6]
7-13 6.28—5] 5.81—-5] 574—-5] 6.11—-5] 6.60-5] 9-19 8.49-5] 563-5] 4.14-5] 2.79-5] 2.09-5]
6.09-7] 6.87—-7] 75—-7] 8.71-7] 9.80-7] 350—-6] 1.99-6] 1.2§—-6] 6.8q—7] 3.84—7]
7-14 8.31-5] 9.79-5] 1.09-4] 1.2§—-4] 1.45—4] 9-20 1.45-3] 151-3] 154-3] 1584-3] 1.61-3]
8.09—-7] 933-7] 1.04-6] 1.27-6] 1.34-6] 1.3§-4] 1.41—-4] 1.49-4] 150-4] 1.54-4]
7-15 9.38—-5] 7.3§—-5] 6.24—-5] 5.1§-5] 4.64-5] 10-11 1.18-5] 7.17—-6] 497-6] 297-6] 1.84—6]
157-7] 16-7] 1.79-7] 2.03-7] 2.2-7] 4.24-5] 2.64—-5] 1.87-5] 1.071-5] 6.49-6]
7-16 2.14-4] 247—-4] 2.79-4] 3.29-4] 3.79-4] 10-12 5.84-5] 6.3—-5] 6.6d—5] 7.00—-5] 7.23 -5]
1.471-6] 1.69—-6] 1.84—-6] 2.1§—-6] 2.471-6] 851 —-4] 9.01-4] 9.3]1—4] 9.63—-4] 9.84-4]
7-17 5.02—5] 4.61-5] 4.69-5] 4.84§—-5] 5.17-5] 10-13 4.1f—-5] 4.51-5] 4.99-5] 5971-5] 7.14-5]
0 0 0 0 0 1.20-4] 154-4] 1.871—-4] 2.43-4] 3.00-4]
7-18 3.77—-5] 254-5] 1.91-5] 1.37—-5] 1.11-5] 10-14 7.51-6] 5.14-6] 3.71-6] 2.23-6] 1.3§-6]
3.03—-8] 2.01—-8] 1.50—-8] 9.01—-9] 5.44-9] 1.1 -5] 7.14-6] 4.83-6] 2.6§—-6] 1.51-6]
7-19 2.46-5] 2.04d-5] 1.97-5] 1.84—-5] 1.91-5] 10-15 2.5p-5] 2.201-5] 2.14-5] 2.20-5] 2.60-5]
0.0 0.0 0.0 0.0 0.0 6.2 -4] 9.34-4] 1.21-3] 1.63-3] 2.04-3]
7-20 6.94-5] 4.43-5] 3.04—-5] 1.81-5] 1.11-5] 10-16 3.501-5] 2.39—-5] 1.71-5] 1.03-5] 6.19—-6]
5.13-6] 350-6] 253-6] 157-6] 9.1§-7] 5.5 -5] 3.47-5] 2.3§-5] 1.30-5] 7.40-6]
8-11 3.47-5] 2.11-5] 1.41-5] 7.71—6] 4.49-6] 10-17 6.2p—5] 3.94-5] 2.74-5] 1.54-5] 9.04-6]
241-7] 1.31-7] 8.04-8] 4.17-8] 2.24-8] 6.1 —5] 3.74-5] 2.54-5] 1.41-5] 8.03-6]
8-12 3.82-5] 4.17-5] 4.43-5] 4.99-5] 5.3§—5] 10-18 1.08—4] 7.00—-5] 4.94d-5] 3.04-5] 1.99-5]
5.19-6] 6.33-6] 7.24—-6] 8.4-6] 9.49-6] 1.04-4] 7.02-5] 5.04-5] 3.39-5] 2.44-5]
8-13 1.85—-4] 2.43-4] 3.00—-4] 3.94—-4] 4.97-4] 10-19 1.5p—-4] 9.61—-5] 6.61—5] 3.84—-5] 2.23-5]
761—-7] 764—-7] 8.84—7] 1.1§-6] 1.49-6] 1.43-4] 8.79-5] 5.871—-5] 3.29-5] 1.89-5]
8-14 6.79—6] 4.00—-6] 2.63—-6] 1.40-6] 7.7 7] 10-20 7.35—4] 9.37—-4] 1.07-3] 1.2d-3] 1.40-3]
1.70-7] 9.23-8] 571—-8] 2.99-8] 1.64-8] 1.04-3] 1.3§—-3] 1.57-3] 1.84-3] 2.04-3]
8-15 1.42-4] 159-4] 1.89-4] 2.3q—-4] 2.93-4] 11-12 9.76—4] 7.29—-4] 5.69—-4] 3.84—-4] 2.5 —4]
8.671—6] 1.33-5] 1.7§—-5] 2.4§-5] 3.17-5] 9.94-4] 7.43-4] 579—-4] 390-4] 2.61-4]
8-16 3.48—4] 3.97-4] 43§—4] 5.04d—-4] 5.81-4] 11-13 1.4p+0] 1.69+0] 1.64d+0] 1.77+0] 1.71+0]
4.00—-6] 4.11—-6] 4.44—-6] 5.0d—-6] 5.6 —6] 1.79+0] 1.79+0] 1.59+0] 1.24+0] 1.0 +0]
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TABLE IV. (Continued).

. Ei (Ry) iy Ei (Ry)
Transition Transition
I-F 85.0 127.5 170.0 250.0 350.0 I-F 85.0 127.5 170.0 250.0 350.0
11-14 7.81-1] 863-1] 887-1] 899-1] 9.2—1] 14-15 12p—3] 7.5§—4] 517-4] 2.94—4] 1.77—4]
7.08-1] 6.97-1] 6.10—1] 48§ —1] 4.1q—1] 729-4] 43§-4] 2.89-4] 1.5§-4] 8.9 5]
11-15 7.79—1] 8.76-1] 9.1-1] 9.41-1] 96§ -1] 14-16 6.1p—2] 5.93-2] 5.83-2] 573 2] 5.66 2]
22§-1] 230-1] 2.23-1] 1.8§—1] 1.5 1] 1.49-1] 7.5§-2] 6.74-2] 6.24—2] 6.09—2]
11-16 3.60+0] 4.04+0] 4.24+0] 4.37+0] 450+0] 14-17 1.10+0] 1.14+0] 1.14+0] 1.17+0] 1.21+0]
310 +0] 3.19+0] 2.9§+0] 2.45+0] 2.04+0] 1.09+0] 9.24-1] 7.77-1] 6.23-1] 5.41-1]
11-17 571-2] 5.6q4-2] 563-2] 564-2] 563-2] 14-18 828—4] 494—4] 3.29-4] 1.79-4] 1.01—4]
6.06-2] 58[-2] 5.74-2] 5.74—2] 5.79-2] 8.39-4] 499-4] 3.29-4] 1.76—4] 9.9q-5]
11-18 9.47-2] 940-2] 9.39-2] 9.33-2] 9.37-2] 14-19 7.0L-3] 7.44-3] 7.71-3] 8.29-3] 8.69 3]
9.99-2] 9.64-2] 957-2] 9.54-2] 9.56-2] 7.26-3] 7.69-3] 7.99-3] 8.47-3] 8.83-3]
11-19 13B-1] 137-1] 131-1] 1.31-1] 1.31-1] 14-20 8.17-4] 485-4] 3.21-4] 1.74—4] 9.8 5]
140-1] 1.3§-1] 1.34-1] 1.34-1] 1.35-1] 827 4] 484-4] 3.19-4] 1.71—4] 9.5 5]
11-20 258-3] 1.74-3] 1.29-3] 9.1q-4] 7.13-4] 15-16 5091-2] 550—2] 5.31-2] 5.10-2] 4.99 2]
277-3] 1.87-3] 1.37-3] 9.89 4] 7.89 4] 7201-2] 2.47-2] 219-2] 1.89-2] 1.77-2]
12-13 858-1] 849-1] 857-1] 8.74-1] 919-1] 15-17 3.60-1] 3.56-1] 3.59-1] 3.71-1] 3.8 —1]
3.04-1] 226-1] 1.8§-1] 1.57-1] 1.39—1] 9.271-2] 6.89-2] 593-2] 5.13-2] 467-2]
12-14 18p—4] 119-4] 829-5] 489-5] 297-5] 15-18 8.4p—1] 837—1] 849—1] 8.74—1] 9.09—1]
159-4] 9.64-5] 6.60—5] 3.771-5] 2.23-5] 167-1] 1.29-1] 1.07-1] 9.27-2] 835-2]
12-15 125+0] 1.30+0] 1.3q+0] 1.33+0] 1.3§+0] 15-19 7.3p-3] 6.79-3] 6.64—3] 6.65—3] 6.74—3]
2.04+0] 1.89+0] 156+0] 1.24+0] 1.06+0] 459-3] 351-3] 3.01-3] 2.65-3] 2.49 3]
12-16 8.80—4] 5.61-4] 3.91-4] 2.2§-4] 1.37-4] 15-20 1.9p+0] 2.15+0] 2.20+0] 2.26+0] 2.33+0]
7.79-4] 483-4] 3.30-4] 1.89-4] 1.11-4] 267+0] 247+0] 2.17+0] 1.71+0] 1.47+0]
12-17 418-4] 2.49-4] 1.61-4] 8.69-5] 4.89-5] 16-17 7.28-2] 7.24—2] 7.3§—2] 7.66 —2] 7.99 2]
429-4] 250-4] 1.69-4] 8.87—5] 4.97—5] 6.63-2] 53§-2] 4.87-2] 4.35-2] 4.10-2]
12-18 1.1p-3] 8.19-4] 6.80—4] 559-4] 495-4] 16-18 899-1] 895-1] 9.06—1] 9.40—1] 9.7 1]
1.21-3] 9.04—4] 7.67—4] 6.41—4] 57§ 4] 7.87-1] 6.03-1] 5171-1] 437—1] 3.86-1]
12-19 9.68-4] 5.71-4] 3.79-4] 2.00-4] 1.17-4] 16-19 500+0] 501+0] 5.07+0] 5.29+0] 5.47+0]
9.09-4] 58§-4] 3.8{-4] 2.06-4] 1.14—4] 426+0] 3.31+0] 2.79+0] 2.33+0] 2.06+0]
12-20 9.3p-2] 9.37-2] 93§-2] 9.35-2] 93§-2] 16-20 6.25—3] 4.89-3] 4.16-3] 3.57—3] 3.2 3]
9.87-2] 947-2] 9.37-2] 9.40-2] 9.47-2] 767-3] 6.04-3] 483-3] 3.57-3] 2.77-3]
13-14 3.17-3] 220-3] 1.63-3] 1.03-3] 659-4] 17-18 6.28-2] 5.79-2] 55§-2] 531-2] 5.17-2]
376-3] 25§-3] 1.90-3] 1.19-3] 7.57-4] 1.26+0] 6.97-2] 6.13-2] 5.63-2] 5.39-2]
13-15 9.31-2] 9.00-2] 8.84-2] 8.64-2] 8571-2] 17-19 1.3p-2] 1.23-2] 1.21-2] 1.21-2] 1.23-2]
6.61-2] 526-2] 481-2] 450—2] 4.34—2] 257-2] 1.37-2] 1.30-2] 1.21-2] 1.26-2]
13-16 8.75-2] 841-2] 823-2] 804-2] 7.91-2] 17-20 4.70-3] 2.89-3] 1.96-3] 1.1 -3] 7.8 4]
3.0§-1] 150-1] 1.34-1] 1.24-1] 1.19-1] 4.95-3] 3.00-3] 2.06-3] 1.24-3] 8.25-4]
13-17 4.8p-1] 501-1] 504-1] 5.16-1] 5.39-1] 18-19 7.68-2] 7.17-2] 6.85—2] 6.61—2] 6.49 2]
71q-1] 5.89-1] 490-1] 3.99 1] 3.47—1] 140-1] 8.19-2] 7.46-2] 6.9 2] 6.79 2]
13-18 1.7p+0] 1.7§+0] 1.79+0] 1.84+0] 1.90+0] 18-20 7.75-3] 4.70—3] 3.201-3] 3.71-3] 1.39 3]
21§+0] 1.84+0] 1.54+0] 1.29+0] 1.09+0] 8.93-3] 5.19-3] 3.41-3] 2.07-3] 1.30-3]
13-19 1.1p-2] 1.0§-2] 1.06-2] 1.0§-2] 1.11-2] 19-20 1.1p-2] 6.69—3] 457-3] 2.69-3] 1.7 3]
1.44-2] 1.44-2] 1.46-2] 1.57-2] 1.57-2] 119-2] 7.00-3] 4.79-3] 2.84—3] 1.81-3]

13-20 8.77—-1] 9.84—1] 1.03+0] 1.0§+0] 1.09+0]
210-1] 219-1] 2.00-1] 1.67-1] 1.41—1]

namical part. Very accurate atomic structure calculated bybtain these collision strengths. The collision strengths for
multiconfiguration Dirac-Fock theory is used in these calcu-ransitions from excited levels ing? or 2s3l (I=s,p,d) to
lations. The collision strengths for both resonance transitionsxcited levels in 23l (I=s,p,d) calculated by 133-level
and transitions between excited levels by 133-level MCDRMCDF CE are presented for the first time, to the best of our
CE and 20-level MCDF CE are tabulated. Good agreementsnowledge.

are found between the two calculation modes for transitions The present results have been comprehensively compared
between low-energy levels. However, very large differencesvith other calculations. Significant differences have been
are found if one of the transition levels is high. Hence, infound. For some transitions, even the qualitative trends of the
such cases it is necessary to use 133-level MCDF CE toollision strengths versus electron impact energies are quite
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different between our calculations and the others. The reason Because our collision strengths are obtained by RDW
for the difference for resonance transition t62p P, be-  method and more correlation and relativistic effects than be-
tween DW or RDW calculations an&-matrix or Dirac  fore are caught by 133-level MCDF configuration expansion,
R-matrix calculations, which was often discussed, is attribthey should be more accurate and reliable. Hence, these new
uted both to insufficient partial waves used in Rematrix  collision strengths should enable a reexamination of the
calculations and to channel coupling being ignored in therexxi lines expected in laboratory experiments or solar

DW or RDW calculations. We have established that the inflare spectra and related plasmas modeling and diagnostics.
fluence of the channel coupling on the difference for this

transition is not the only cause. The collision strengths for

transi'Fions between levels that have strong configurat_ion in- ACKNOWLEDGMENTS
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