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Configuration-interaction wave functions are constructed for the lowest 11 atomic target states of neu-
tral fluorine. These wave functions are used to calculate target-state energies and absorption oscillator
strengths for the dipole-allowed transitions. In general, a good agreement is found between the length
and velocity forms of f values. However, f values for some transitions show significant discrepancies be-
tween these two forms. All these target states are retained in the R-matrix basis function and the
(N +1)-electron collision wave functions are expanded in terms of these basis functions. The calcula-
tions are performed for the electron-impact excitation collision strengths for all transitions between
these states using the R-matrix method. In the low-partial-wave region (total angular momentum
L <12) the full exchange R-matrix method is employed while a no-exchange R-matrix method is used
for the calculations in the partial-wave region with 13 <L <40. The effect of this procedure is most evi-
dent in the case of dipole-forbidden transitions for which collision strengths increase by about 10—-60 %
due to the contribution from higher partial waves. Beyond this value of the total angular momentum,
the Burgess sum rule is applied to determine the higher partial-wave contribution to the total collision
strengths for dipole-allowed transitions. The collision strengths are obtained for a wide range of incident
electron energy from the first excitation threshold to 3.0 Ry. The calculations are performed in the LS-
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coupling scheme.

PACS number(s): 32.70.Cs, 34.80.Dp

I. INTRODUCTION

The ark spectrum of neutral fluorine was first investi-
gated by Liden [1] who observed two emission lines at
680.709 and 682.581 A above the first ionization thresh-
old [F*(2s22p*3P)] apart from many other lines.
Huffman, Larrabee, and Tanaka [2] studied the absorp-
tion spectrum which was analyzed later by Palenius [3,4].
The lines of the ions of fluorine isoelectronic sequence are
frequently observed in the laboratory and astrophysical
plasmas [5-7]. There exists plenty of atomic data on
these ions (see, for example, Mohan and Hibbert [8] and
references therein). The neutral system, atomic fluorine,
however, has not attracted the attention of atomic physi-
cists. Nevertheless, the atomic data on this atom are of
considerable importance, academically as well as for their
possible applications in the astrophysical study of cool
stars and cosmic rays. For these reasons, we decided to
study neutral fluorine in some detail.

We describe target states of neutral fluorine by the
configuration-interaction wave functions. The lowest 11
target states are used in the scattering calculation. These
states are constructed using six orthogonal atomic orbit-
als: 1s, 2s, 2p, 3s, 3p, and 3d. Absorption oscillator
strengths are calculated for all the transitions between
these states in the length and velocity forms of the dipole
operator. The electron-impact excitation data (collision
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strengths) are calculated for all the transitions in the LS
coupling using the R-matrix [9] method. For lower par-
tial waves with total angular momentum up to L=12,
the full exchange R-matrix method is used as implement-
ed in the RMATRX [10] program. Beyond this value of
angular momentum, exchange effects are found to be
negligible and therefore the no-exchange program of
Burke, Burke and Scott [11] is used for the total angular
momentum range 12 <L <40. At this value of L, col-
lision strengths for all the transitions are converged ex-
cept for the dipole-allowed transitions, which converge
rather slowly. The Burgess sum rule [12] is applied to
determine the higher-partial-wave contribution for these
transitions.

In the next section we give a summary of the method
used and other details of the calculation. In Sec. III, we
present our results in the form of oscillator strengths and
collision strengths. Section IV concludes the present cal-
culation with some comments on the accuracy of these
calculations.

II. CALCULATIONS

A. Target-state wave functions

We consider the lowest 2522p°2P% 2522p*(P)3s *P,
ZP; 2S22P4(3P)3P 4Po’ 4Do, 2Do’ ZSD, 450’ 2Po;
2s2p*('D)3s 2D and 25s%2p*(3P)3d *D target states in our
present LS-coupling calculation. There are several other
2p*31 states which fall above 1.4 Ry energy and have not
been retained in the calculation in order to keep the size
of the calculation manageable. The -configuration-
interaction (CI) wave functions for the lowest 11 target

2981 ©1994 The American Physical Society



2982
states are expanded as linear combination of the
configuration-state functions ¢’s,

@, (LS)= 3, a;;¢;(a;LS) . (1)

i=1

These configurations are the eigenfunctions of the total
orbital and spin angular momenta (L and S) and are con-
structed from one-electron atomic orbitals. The radial
functions of these orbitals are expressed as a sum of nor-
malized Slater-type orbitals:

k
P (=TS c;rlexp(—¢&r), )

i=1

where the parameters c;, p;, and §; are given in Table 1.
These parameters for 1s, 2s, and 2p atomic orbitals are
taken from the tables by Clementi and Roetti [13] given
for the ground state 2P° of the neutral fluorine. The CIV3
program written by Hibbert [14] was used both to optim-
ize the rest of the parameters defining the atomic orbitals
in Eq. (2) and to determine the mixing coefficients in Eq.
(1). The 3s orbital radial functions were obtained by
minimizing the 2s22p*3s 2P state energy. The average of
the energies of the 2522p*3p 2P° and 25%2p*3p *P° states
was used to optimize 3p orbital radial functions. This
procedure gave lower energies and reasonable separation
between these two target states. Finally, the 3d orbital
parameters were obtained by varying its coefficients and
exponents and optimizing the energy of the 2s2p*3d *D
state. The set of configurations constructed from these
orbitals and used in the present calculation to represent
the 11 target states is given in Table II. The calculated
values of the target-state energies are tabulated, along
with the observed [15] ones, in Table III. We find that
the calculated values of the target states differ from the
observed values by about 5-10 %. This is mainly due to
the limited amount of configuration interaction included
and the use of the common set of atomic orbitals in
representing the 11 target states retained in this calcula-
tion. However, it should be noted that the 3s orbital in
25s2p*3s *P is quite different from the one appropriate for
the 25s22p*3s 2P state. Similar is the case with the 3p or-
bital for the 2s*2p*3p *P° and 25%2p*3p *D° states. The
orthogonality condition forbids the use of separate orbit-
als for these states. However, correlation orbitals could
have been used to make up for this deficiency. But a
larger set of orbitals, including the correlation orbitals,

TABLE I. The values of parameters of the atomic orbitals
for neutral fluorine.

Orbital Coefficient Power of r Exponent
3s 1.56897 1 0.52923
—10.22375 2 1.55097

10.41491 3 2.224 65

3p 0.07453 2 0.33353
0.000 82 3 3.15704

—4.26645 3 3.18861

3d 0.01005 3 0.34387
0.000 25 3 0.90073
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TABLE II. The configurations used to represent target states
of fluorine.

Even parity Odd parity
25%2p*3s 2s%2p°
2s2p® 2522p*3p
2s2p°3p 2522p33p?
25s22p*3d 2s%2p33s?
252p*3s? 252p*3d*
2s2p*3p*? 2522p*3s5%3p
252p*3d? 2s2p*3p3d*?
252p*3s3d 25s%2p33s3d
25%2p23s3p*? 252p°3s
2s%2p33s3p 2s2p°3d
25s%2p33p3d 252p*3s3p
25%2p?3p*3d 252p*3p3d
2522p?3s%3d

and full configuration interaction would result in a very
lengthy and more involved computation and, at the same
time, will introduce unphysical pseudoresonances in the
calculation. In order to enable a direct comparison with
experiment we have adopted the observed excitation
thresholds in our collision calculations.

B. Collision wave functions

The total (N + 1)-electron wave functions describing
the collision are expanded in the R-matrix internal region
(r <a, where a is the radius of internal region) in terms of
the following basis functions:

U =AY Cijk‘;i(xl’xb XN TN O N ) Py 1)
ij
+2djk¢j(x1,...,x[v+1), (3)
J

where A is the antisymmetrization operator, ¢, are chan-
nel functions formed by coupling the target states ®; to
the orbital and spin angular momenta of the scattering
channel, u;; are the continuum basis orbitals, and ¢ ; are
the (N + 1)-electron bound configurations which account

TABLE III. Calculated and observed target-state energies
for fluorine relative to the ground state.

Energy (Ry)

Key Target state Calculated Observed?

1 2s22p3%p° 0.0 0.0
2 25s22p*(3P)3s *P¢ 1.009 28 0.93376
3 2522p*(3P)3s 2P¢ 1.03302 0.954 45
4 2s2p*(*P)3p *P° 1.16049 1.056 12
5 2s2p*(*P)3p *D° 1.169 62 1.066 58
6 252p*(*P)3p 2D* 1.17588 1.07185
7 252p*(3P)3p *S° 1.18119 1.078 07
8 2s2p*(*P)3p *S* 1.18122 1.07827
9 2522p*(3P)3p 2P° 1.19592 1.083 35

10 2522p*('D)3s *D*° 1.202 53 1.12837

11 2522p*(*P)3d *D* 1.22956 1.166 27

*Weise and Martin [15].
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both for the short-range correlation effects and also make
some allowance for the omitted channels in the first ex-
pansion. They also ensure that the orthogonality condi-
tions imposed on the u;; and described below do not im-
pose any restriction on the total wave function. The con-
tinuum orbitals u;; in (3) are solutions of the radial
differential equation

42 L, +1) 5
F—T+V(r)+k’ uu(r)=§)\,qk}’“‘(r) >
4)

satisfying the boundary conditions

u;;(0)=0 (5)
and

du;;
a T =b, (6)
wy dro|,—,

where V(r) is the zero-order potential representing the
static charge distribution of the atom, a is the radius of
the sphere defining the internal region, and b is a con-
stant, taken here as zero. The internal region radius a is
chosen so that the amplitudes of the radial orbitals be-
come negligible at the boundary of the internal region,
ie., P,(a)<0.001. This assures that beyond this region
exchange effects are negligible and the direct interaction
reaches its asymptotic form.

The R-matrix calculations in the internal region are
carried out using the RMATRX [10] code. We retain 25
continuum orbitals in each channel, which are sufficient
to give convergence for all energies and angular momenta
considered here. The ¢; are constructed automatically
by requiring that a minimum of two electrons are in the
1s and 2s shells, and three electrons are in 2p shell. The
maximum number of electrons allowed in these and the
3s, 3p, and 3d shells are limited to 2, 2, 6, 2, 1, and 1, re-
spectively. The maximum number of bound terms and
coupled channels are 48 and 19, respectively. The R-
matrix internal region radius is taken as 34.0a,. The cal-
culation is performed for all partial waves with total an-
gular momentum L <12.

In practice, a large number of partial waves are re-
quired to obtain converged results for all the transitions.
It would have been excessively expensive to use the full
exchange R-matrix method for such a large number of
partial waves. We therefore used the no-exchange R-
matrix method [16] implemented in the RMATRX-NX [11]
program for all partial waves with total angular momenta
13<L <40. This program runs considerably fast-
er than the full R-matrix program mainly for the two
reasons. First, the quadratically integrable functions ¢;
in Eq. (3) do not contribute, since these are constructed
from the bound orbitals with maximum angular momen-
tum /=2. Second, the calculation of exchange terms is
dropped by definition.

In the asymptotic region, exchange effects have become
negligible and the quadratically integrable functions, in-
volving the bound orbitals, have died away; hence the
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asymptotic equations for the full exchange program and
those for the no-exchange program are identical. There-
fore, the calculations in the outer region are performed
using the common set of programs. We have used
asymptotic package VPM [17] to obtain collision strengths
in both the cases. This program solves coupled
differential equations using the variable phase method.
The details of the programs and calculation procedure
are given by Berrington et al. [18].

III. RESULTS

A. Oscillator strengths

The configuration-interaction wave functions for neu-
tral fluorine generated in the earlier section are used to
calculate absorption oscillator strengths in the dipole
length and velocity forms using the CIV3 code. It should
be noted that a good agreement between the f values cal-
culated in these two forms is a necessary condition for
the good quality of atomic wave functions. The f values
calculated in the present work are reported in Table IV.
In general, a limited amount of agreement is seen be-
tween the results obtained using the two forms. The rela-
tively large differences between length and velocity forms
of the oscillator strengths shown by some of the transi-
tions considered here refer to the fact that not enough
configuration interaction has been included, apart from
the factor that a common set of atomic orbitals is used to
represent all the target states. However, the disparity of
a factor of 9 between the f values obtained using the two
forms of dipole operator for the transition 3s 2D°-3p 2D°
is due largely to the cancellation effects in the dipole ma-
trix elements—a characteristic of the small oscillator
strengths. It is understood that the velocity form, which
emphasizes the short-range nature of the wave function,
is very sensitive to the configuration interaction. The
length form, which signifies the asymptotic region, is ex-
pected to be more accurate. Therefore, we believe that
the target wave functions constructed here and used in
the collision calculations are of reasonably good quality.

TABLE IV. The oscillator strengths for the transition in neu-
tral fluorine.

Transition Oscillator strength
i-f L |4

2s2p32P°_2522p*3s 2P¢ 8.8083[—2] 9.5368[—2]
2522p*3s 2P-25s2p*3p 2P° 4.2715[—1] 2.0533[—1]
252p32P°-2s2p*3s D¢ 4.6566[ —2] 4.5069[—2)
252p*3s 2D*-2s%2p*3p 2P° 2.4470[—3] 8.5719[—4]
25s2p32P°-2522p*3s 25 1.5268[—2] 1.7432[—2]
25s22p*3p 2P°-252p*3s 2S¢ 1.3490[ —2] 2.0683[—3]
2522p*3s *Pe-25%2p*3p *P° 4.3744[—1] 1.6631[—1]
2s%2p*3s *Pe-2522p*3p *S° 1.4645[—1] 5.3922[—2]
25%2p*3p *P°~2522p*3s *D¢ 9.9547[—1] 6.5772[—1]
2s2p*3p *P°-2522p*3d *D°* 1.5686[—2] 1.2536[—2]
25%2p*3p *D°-2522p*3d *D* 1.8234[—1] 1.3198[—1]
2s%2p*3s 2P°-252p*3p 2D° 6.4612[—1] 3.5028[—1]
2522p*3s 2D*-2522p*3p 2D° 2.0211[—5] 2.2550[ —4]

2q[+b]=a X 10%2,
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onance structure. Above the highest threshold included
in the present calculation, the collision strengths are ob-
tained at larger energy intervals. The standard full ex-
change R-matrix [10] method is used to calculate col-
lision strengths for all the transitions in the partial-wave
region with total angular momentum L < 12. The contri-
bution of the partial waves with total angular momentum
13 <L <40 is calculated using the no-exchange program.
In case of dipole-allowed transitions the higher (L =41)
partial-wave contribution is determined by applying the
Burgess sum rule. The results seem to be completely con-
verged.

Let us now comment on the contribution of the higher
(L > 12) partial waves to the total collision strengths. In
the case of the dipole-allowed transitions, this contribu-
tion is negligible (less than 1.5%) below the 1.4-Ry in-
cident electron energy. However, the contribution of
higher partial waves increases with incident energy and
dominates the total collision strengths at the maximum
energy (3.0 Ry) considered here. For all the dipole-
allowed transitions the higher-partial-wave contribution
to the total collision strength varies from 54% to 79% at
this energy, except for the 2s22p°2P°~25%2p*3s 2D transi-
tion, where this contribution is less than 2%. It should
be noted that the application of the Burgess sum rule just
after the total angular momentum L =12, without using
the no-exchange approximation for 132> L <40, would
result in an overestimation of the total collision strength
by an amount of from 3% to 8% for most transitions.
This overestimation of collision strengths is more than
30% for the dipole-allowed transition from the 3p 2P° to
3s 2D state. However, the collision strengths for the tran-
sitions from the 3p *P° and 3p D states to the 3d ‘D¢
state are underestimated by about 18% and 6.6%, respec-
tively.

For the dipole-forbidden transitions, the contribution
of the higher (L > 12) partial waves varies from negligible
to about 60% at the maximum incident electron energy
used in the present calculation. The collision strengths
for the 3p*P°-3p*D° 3p2D°-3p2S° 3p*P°-3p*S°,
3p*D°-3p*s°, 3p2D°-3p?P° 3s*P°-3d*D¢, and
3p *§°-3d *D* transitions increase by more than 10% by
the inclusion of the contributions from L > 12 obtained
using the no-exchange approximation. It therefore is
very important to carry out calculations in the higher-
partial-wave region, especially for the forbidden transi-
tions.

The total collision strengths as a function of incident
electron energy (in rydbergs) are plotted for some of the
transitions in Figs. 1-3. The results are also presented in
tabular form (Table V) for all the transitions above the
highest threshold included in the present calculation.

Figures 1(a)-1(c) show the collision strengths plotted
for the dipole-allowed transitions, 2p32P°-2p*3s 2p,
2p32P°-2p*3s2D, and 2p*3s*P-2p*3p*D° ?*P°, 2S°
These are characterized by an increase in the collision
strengths with electron energy. However, the collision
strength for the transition from ground state 2s22p°*P°
to excited state 2s22p*3s 2D shows a structure between
1.4- and 1.9-Ry energies. The excitation of the 3s’P°
state to the 3p 2S°, 2P°, and 3p 2D? states is displayed in
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Fig. 1(c). Figures 2(a)-2(c) show the collision strengths
as a function of electron energy for the excitation of the
metastable state 2s22p*3s “P¢ to the 2p*3s 2P, 2p*3p *D°,
4p°, 45°, and 2p*3p 2D°, 2P°, 2S° target states. The cross
sections for the dipole-allowed transitions from the meta-
stable state *P are very large [Fig. 2(b)]. Figures 3(a)-3(d)
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display collision strengths for some of the forbidden tran-
sitions. The shown transitions are from the ground state
2p° to 3s*P, 3p*D°, 3p2S° and from the 3s 2P to the
3p *P°, *D° states. The collision strengths for these tran-
sitions, generally, first increase sharply and then decrease
slowly with energy.

It is interesting to note from Table V that total col-
lision strengths for most of the transitions between excit-
ed states reported here for neutral fluorine are very large
compared to what one gets for the ions [8]. The large
collision strengths for these transitions suggest that the
higher excited states have substantial population in neu-
tral systems.

IV. CONCLUSION

The absorption oscillator strengths and collision
strengths for the excitation of the fluorine atom are cal-
culated with the lowest 11 target states retained in the
calculation. The initial- and final-state collision wave
functions are represented consistently in terms of the R-
matrix basis functions. The calculated and observed
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target-state energies show good agreement. However, the
observed values of the excitation energies are used in the
scattering calculation. The use of the no-exchange pro-
gram for the calculation above total angular momentum
L =12 and up to L =40 provides an efficient way of get-
ting converged results for almost all the transitions. This
is particularly true of some dipole-forbidden transitions
for which a significant contribution comes from this
partial-wave region. For dipole-allowed transitions the
higher-partial-wave contribution is determined by using
Burgess sum rule. However, it is found that collision
strengths have already been mostly converged and that
the higher (L >40) partial-wave contribution is very
small.

It is seen that the collision strengths for many transi-
tions are larger for neutral fluorine compared to F-like
ions [8]. It points to a comparatively higher population
of excited states in neutral atoms than the population of
these states in the positive ions. The present results for
the collision strengths are expected to be of high accura-
cy in the energy range considered. We notice that to ob-
tain accurate results above this energy one has to include
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all the target states spanning that energy region. Never-
theless, the present results can be used for a higher ener-
gy region than that reported here with a loss of accuracy
of not more than 20%. The results reported here will
mainly be affected by any resonance structure associated
with the new channels that become open at higher ener-
gies. We have also calculated the cross sections for the
elastic scattering of electrons from the ground and excit-
ed states of neutral fluorine, which will be reported else-
where.
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