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Experimental and theoretical cross sections for electron-impact excitation of the dipole-allowed transitions
3s?15-3s3p P in CI°" and 32S—3p 2P in CI°" near the excitation thresholds are reported. Absolute
cross sections are measured using the merged electron-ion beams energy-loss technique. The intermediate-
coupling frame-transformatioR-matrix method is used to obtain theoretical cross sections. The total cross
sections, for the transitions studied in both ions, exhibit resonance structures near threshold. There is excellent
agreement between theory and experiment with respect to both the shape and the magnitude of the cross
section for the 32S—3p 2P transition in CP*. For CP*, structures and trends in both the presmhatrix
calculation and the previous calculation of Baluja and MoRRhrPhys. B20, 831(1987] agree well with the
experimental results. However, the magnitudes of the theoretical cross sections foar€l significantly
smaller than the measured cross section, which has been corrected for metastable contamination.
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[. INTRODUCTION lower-charge-state ions. These effects are included in any
close-coupling calculation. For highly charged ions, these
Data for the electron-impact excitation of positive ions areprocesses have been treated accurately using an independent
necessary to model and diagnose high-temperature plasmpgocesses approximation, in combination with the distorted-
important in controlled-fusion resear¢h,2] and astrophys- wave method8]. Although usually not so dominant as in the
ics [3]. Multiply charged ions occur in these environmentscase of optically forbidden transitions, resonances may also
and it is important to have knowledge of collision cross seche important for certain dipole-allowed transitions. We shall
tions for the analysis and diagnostics of such plasmas. Mosfee that resonance structures appear in the near-threshold re-

of the existing data for electron-impact excitation of positive gion, of the excitation cross sections for both the ions studied
ions come from theoretical calculations. Absolute experiq e

mental measurements are needed to provide tests of the the-
oretical methods.
We have previously reported on experimental cross sec- | EXPERIMENTAL TECHNIOUE
tion measurements for the dipole-allowed transitions in a few ' Q
Na-like and Mg-like iongd4-7|. Here we present measure-  \ve have used the JILA/ORNL merged electron-ion beams
21 1 W H i + 2 A A
3s 52_>3S3P P transition in gg-hke Ct" and the 3°S  \iEIBEL apparatus is designed to detect electrons that have
—3p “P excitation of Na-like C1". _ lost most of their energy during inelastic collisions with ions.
Electron-impact excitation of atoms and ions can ocCUFha ions were produced from CQjas in the ORNL Caprice
through b.Oth direct excnatu_)n _and the |nd|re_ct process Ofelectron—cyclotron resonance ion source, extracted and accel-
dielectronic capture of the incident electron into a doubly
excited state, followed by autoionization to an excited state,
For example, in CI", the processes that will contribute to

35~ 5+ AL ; +
the 33— 3p excitation may be schematically represented as Cl_ has the same mass t.o charge5+ra_t|&4&$2 , the cross
sections were measured using tHEI* isotope.

e+ CI5(3s2)—CI5*(3s3p) +e, The MEIBEL apparatus shown in Fig. 1 is immersed in a
uniform magnetic field~3 mT) parallel to the direction of
e+CI5*(3s?) - CIF*(3snIn’l’)—CI5*(3s3p)+e. (1) the incident ion beam. The merger, consisting of a pair of
parallel plates producing a transverse electric field, is used to
However, these processes are not independent, and the efierge the electron beam with the ion beam. The electrons
fects of the interactions between the various resonant statese produced in a dispenser-cathode electron gun, and ini-
of the recombined ion as well as interference between thé&ally they travel parallel to the ion beam. In the merger with
indirect and direct mechanisms are important, especially icrossedE and B fields (EXB), the electron mation is tro-

erated through about 15-kV potential, mass-to-charge ana-
lyzed, and directed into the MEIBEL apparatus. Since
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choid_al, with two cyplotron orbits supe_rposed on a drift per- RQ€| vevj
pendicular to both fields. Electrons exit the merger with the o(Bem)= 177 s L 2
el e—%1

same velocity parallel to the ion beam as when they entered,
but their position is displaced so they are nhow merged with . . . .
the ions. The electrons and ions travel together in an electricdVN€reR is the signal count rate of the inelastically scattered

field-free interaction region for about 68.5 mm, where the€l€Ctronse is the measured PSD efficienay,, vi, le, and
collisions take place. I; are laboratory velocities and currents of the electrons and

The demerger also consists of a pair of parallel plates witionS Of chargee and ge, respectively; and= is the form
a transverse electric field, and it disperses electrons accor¢RCtor that represents the overlap of the two beams. The form

ing to their velocity component parallel to tiefield. Thus,  [actor F is given by
electrons that have lost energy in inelastic collisions with

ions will be deflected at greater angles and directed onto a G P dxd

position sensitive detect@PSD. The PSD consists of a pair (x,y,z)dxdy (x,y,z)dxdy

of microchannel plates and a resistive anode. The efficiency F= , ()
of the PSD was measured to be 05502, by alternately f G(x,Y,2)H(x,y,z)dxdydz

directing an electron beam~(10"'* A) onto the detector

and into a Faraday cup connected to a vibrating reed elec- i L L

trometer. The primary electron beam and electrons elasticallyN€"e Z is the direction of the magnetic field. As noted
scattered in the forward direction are deflected less byethe 2POVe, the current densities of the two bead(s,y,z) and
andB fields toward a Faraday cup. Electrons that are elastifi (X,¥;2) are measured using a two-dimensional video
cally scattered from ions at large angles may have the sanfdoPe-

range of longitudinal velocities as the inelastically scattered D€SPite careful tuInc;ng of both beams and residual pres-
electrons, and thus could in principle reach the detectorSUre on the order of 10 Pa, the signal collected at the PSD

causing an overestimate of the cross section. This is prdS accompanied by high background counts coming from
vented by a set of five apertures mounted at the demerg th beams _scatterlng_from re5|dua_1l gas _and surfaces. To
entrance. Trajectory modelifd.0] is used to verify that the extract the signaR coming from the inelastically scattered

apertures block elastically scattered electrons that would otH£/€Ctrons in the studied transition, both beams are chopped in
erwise reach the detector. The ion beam is not significantlj, Phased four-way sequence. The counts from the PSD are

affected by the two fields: after continuing through the de-directed to a position sensitive computer and further into four
merger it is deflected by 90 ° before reaching the ion Faradal)iSto9ram memories. The signal spectrum is extracted by the
cup. appropriate subtraction and addition of the outputs of the
A video beam probé11] is inserted into the interaction four channels. , , ,

region, and thecy beam density distributions are recorded at  1YPically, the data taking procedure starts with setting the
distinct positiongusually sevenas the probe is moved along !2boratory energy of the electrons for the chosen ion energy,
the z direction. These data are used to compute the beafiSing the relation

overlap as discussed below.

[E. \F ?
A. Data Ecm=n He_ ﬁ ) (4)

The relationship between the excitation cross section at
the interaction energy in the center-of-mdassm) system, whereE, andE; are the laboratory energies of electrons and
E.m, With experimentally measured parameters is given byons of masan, andm;, respectively, angk is the reduced
the well-known equatiof12] mass.
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The next(and very tediousstep is to tune both beams to However, if the electrons have any transverse veloaity (
achieve minimum backgrounds, consistent with adequatapon exiting the merger, they will undergo helical trajecto-
beam overlaps. The goal is to make the beams overlap regies about theB field (with radiusr ;= mv,/eB) while in the
sonably well in the interaction region and not overlap withininteraction region. Thus, the collision path length is slightly
and after the demerger apertures. This configuration prevenisngthened, and the apparent measured cross section is
the production of a spurious signal at the detector from elasslightly too large. However, the increase of the collision path
tically scattered electror{ghrough large angle elastic scatter- length is only about 0.1% for the present experimental con-
ing). Profiles of the two beams are then measured and thditions, and therefore no correction to the data was applied.
form factor is calculated. At this point, data taking starts and
continues until the required statistical precision is obtained. 4. Backscattering
The next c.m. energy is then set by scaling the voltages ap- . o
plied to the electrod%); of the electroyn gun, t%e merger and the At the threshold energy for a given excitation and at elec-

demerger, and the magnetic field for the new laboratory entron energies just above the threshold, all inelastically scat-

ergy of electrons. The c.m. energy is changed by only a fevigered electrons travel in a forward direction in the laboratory
percent in order to keep the same electron configuration, s ame. But, as the energy Increases above threshold to the

that the determination of beam profiles for each data point igoint that scattered electrons have velocity greater than the

not necessary. This process continues until the cross sectidf! velocity, electrons scattered backward in the c.m. frame

has been measured over a certain rangggf , when the will also be traveling backwards in the laboratory frame and

form factor is again measured. The procedure is repeate\e{i” not proceed to the PSD. Trajectory modelipdo] is

several times over the energy region of interest, and the r Ised, as described in our earlier publicatigh), tc_) calcu-

sults are averaged for each energy. ate and to correct for these losses. As corrections greater
than 10% were considered to be unacceptable, backscattering

B. Adjustments to data limits the energy range of the experiment.

1. Center-of-mass energy 5. Metastable ions

In order to establish the absolute electron energy scale and |n our previous work with Mg-like ion$6,7], we found

also to compare theoretical data with experiment, we musfhat the ion beam consisted of ground state ions and a sig-
determine the effective distribution of energies in the inter-pificant fraction of metastable ions in the®p 3P, and 3P,
action region. Because of the Coulomb field in electron-ionsiates. Thus, we expected that thé& Cion beam would also
collisions, the cross section for excitation is finite at threshy,e g mixture of ions in the ground and metastable states. In
old. For dipole-allowed transitions without strong resonantyrqer to determine the metastable content, tife @n beam

contributions, this often results in a near-step-function beyyas redirected into the ORNL crossed-beams apparatus used
havior of the cross section at threshold. Then, the adoptegh; glectron-impact ionization measuremerfts4]. With

procedurd5,6] is to fit experimental data with a convolution metastable ions in the beam, one observes an ionization sig-
of a Gaussian energy distribution of variable width, with apg) first at the threshold for ionizing metastables, then a sec-
step function at the spectroscopic threshold value. In SUCBq rise when ionization from the ground state is energeti-
cases, we have consistently found effective energy distribuca”y possible. The ionization cross sections are first
tions between 0.18 and 0.20 eV. In the present case, resgyeasured between 97.5 and 200.0 @W. 2 solid square
nances play a prominent role in the cross section near thresBoints). Thus, by extrapolating the sign@pparent cross sec-
old, so this fittin_g routine is_ not a_1ppropria_te. In order 10 tjon) at low energy to the abscissa, we could determine the
compare theoretical calculations with experiments, we havgpnarent threshold for ground state ionization with a spectro-
used_ a Gaussian distribution of 0.18 eV fuI.I width at half scopic value of 97.03 eY/L5]. Data were then taken at only
maximum (FWHM), as has been employed in other recentihree c.m. energies: 80.0 eV, below the threshold for ioniza-
measurement§13]. The energy has been shifted to agreetion from the metastable state; 91.0 eV, where there is a
with the spectroscopic threshold value. contribution only from the P electron of the metastable
state; and 180.0 eV, where the mixed-state beam is contrib-
uting to the measured ionization cross section. This proce-

In all our experiments, we observed a spurious signal bedure was adopted to achieve the best possible statistical pre-
low each investigated threshold, which is probably due to theision in a reasonable measurement time3Q h), since the
effect of space charge of one beam on the background of thgpparent ionization cross section of thp 8om the meta-
other beam. Fortunately, this spurious signal of about 10% oftable initial state ions is only about 1¥ cn?. To obtain
maximum cross sections appeared to be constant with botihe metastable-to-ground fraction we used the semiempirical
energy and the time necessary for stepping through the relgingle parameter Lotz formulgl6] for the ionization from
tively small threshold energy range; therefore its value couldhe metastable state and then from the ground state. The
be subtracted from the measured cross sections. fitting procedure included spectroscopic ionization thresh-
olds, as required by the Lotz formula, and an adjustable pa-
rameter for the metastable fractidp,. The parametef,

In evaluating the form factoF in Eq. (3), the geometric was adjusted until the ratio of cross sections at 91.0 eV and
length of the merge path was used for integration aver 180.0 eV agreed with the measured ratio. Thus, the assump-

2. Below-threshold spurious signal

3. Path length

052711-3



N. DJURICet al. PHYSICAL REVIEW A 65 052711

2.5 T — T T T calculation and had energies within 0.5% of the spectro-

scopic valueg15]. In addition, radiative rates calculated in
the length and velocity gauges for all dipole-allowed transi-
tions were in good agreement.

The target description for Mg-like €1 required a signifi-
cantly more elaborate configuration-interaction expansion. It
included all even-parity levels originating from the?3 3p?,
3s3d, 3d?, 3s4s, 3s4d, 3p4p, 4s?, 4p? 4d? 3s5s,
3s5d, 3p5p, 552, 5p?, and 52 configurations and the odd-
parity levels originating from 83p, 3p3d, 3p4s, 3p4d,
3p5s, and P5d. The 1s, 2s, 2p, 3s, and P orbitals were
generated from a configuration-average Hartree-Fock
(CAHF) calculation for the 83p configuration. The 8, 4s,

' ' . . 4p, and 4 orbitals were generated from frozen-core CAHF
o oo 120 o 1e0 180 calculations for the 34 configurations. Finally, the§ 5p,
and 5 were pseudo-orbitals, generated from multiconfigu-
ration Hartree-Fock calculations designed to improve the de-
FIG. 2. Electron-impact ionization cross sections foP 'Cto SC”_pt'On qf both_the 3_2 1S_ground_ term and g_gp P _term._
determine the apparent ground state fraction in the target bezen  Breit-Pauli configuration-interaction expansions  involving
text). M, absolute data measured between 97.5 and 2004eV; these 16 even-parity configurations and six odd-parity con-
absolute data measured at three points with better statistical predigurations yielded energy levels in good agreement with
sion. The solid curve is from the single parameter Lja#] formula  SPectroscopic energies. Spectroscopic energies exist for 32
with an adjustable parametéy, to make the ratio of values at 91.0 levels of the 36 arising from the 20 terms included in the
eV and 180.0 eV agree with the measured ratio, and then multiplie¢lose-coupling expansion discussed below; of these, 29 were
by 0.61 to agree with our absolute ionization measurements. Relawithin 1% of the spectroscopic values. The exceptions were
tive uncertainties, represented by the error bars, arera€1. the 3s3p 'P;, 3p?1S,, and 33d P, levels for which the
average deviation from the spectroscopic energies, were
tion in this procedure is that the Lotz formula gives correctl.7%, 1.2%, and 5.4%, respectively. In addition, the length
relative values from different electron subshells, even thougland velocity radiative rates for the stronger dipole-allowed
the overall magnitude may be somewhat in error. The curvéransitions were in good agreement; for example, for the im-
plotted in Fig. 2 has been multiplied by 0.61 so that theportant 33p !P,— 3s? 1S, radiative transition, they agreed
agreement of the Lotz and the measured ratios can be sewiithin 1.5%.
from the plot. The metastable fraction thereby determined The scattering calculations for Tl and CP* were per-
from ionization data was 0.230.12. The ground state frac- formed using the intermediate-coupling  frame-
tion is then 0.720.12, and a multiplicative correction of transformationICFT) R-matrix method 18]. With the ICFT
1.30 is applied to the measured excitation cross section tmethod, one first employs multichannel quantum-defect
give the cross section from thes3'S ground state. An ad- theory (MQDT) to generate unphysicad matrices in pure
ditional uncertainty in the absolute value of the cross sectioh. S coupling [19]. These matrices are then transformed to
is incorporated in the total uncertainty quoted in Sec. IV. Inintermediate coupling using term-coupling coefficients, and
the case of the Na-like €l ion, no metastable ions should finally the physicalk matrices are determined from the un-
be present. physical K matrices and the level energies using MQDT.
This method has been shown to yield results in excellent
Ill. THEORETICAL CALCULATIONS ?féezeqment with a full Breit-PauliR-matrix calculation

The accuracy of theoretical calculations for electron- In the case of CI, the 20 terms arising from the con-
impact excitation depends critically on the description of thefigurations 32, 3s3p, 3p?, 3s3d, 3p3d, 3s4s, 3s4p, and
target orbitals, as well as the states included in the close3s4d were included in the close-coupling expansion for the
coupling expansion and the details of the scattering calcula:S portion of the calculation. In order to improve the accu-
tion. For both ions, the multiconfiguration Hartree-Fock pro-racy of the scattering calculation, the theoretical energies
grams of Froese-Fischdrl7] were used to generate the were adjusted to the spectroscopic values, where known. The
bound orbitals. In the case of Na-like %C| the target de- size of theR-matrix box was 11.3 a.u. and we used 15 basis
scription was relatively simple; it included thes 3round  orbitals to represent the continuum for each value of the
state and the |8, 3d, 4s, 4p, 4d, and 4f excited states. The angular momentum. AILSIT partial waves froni =0 to 20
1s, 2s, 2p, and 3 orbitals were generated from a Hartree- were included in the partial-wave expansion, which is more
Fock (HF) calculation for the 8 ground state, while the[8 than enough to assure convergence for the energies consid-
3d, 4s, 4p, 4d, and & orbitals were generated from a ered here.
frozen-core HF calculation on thd excited states. All seven With CI°", the seven terms mentioned above were in-
terms and 12 levels resulting from these calculations wereluded in the close-coupling expansion for thg portion of
included in the close-coupling expansion for the scatteringhe calculation; however, the agreement between the spectro-

Cross Section (10"%cm?)

Interaction Energy, E__ (eV)
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Cross Section (10"°cm?)
Cross Section (10'°cm?)

17.5 18.0 8.5 19.0 19.5 20.0 14.5 15.0 15.5 16.0 16.5 17.0

Interaction Energy, E, (eV) Interaction Energy, E__ (eV)

. 1 1 .
'.:IG.' 3. _Cro_;,f section for_theséf Sh—>333p P electro;-lmgaclt FIG. 4. Cross section for thes$S—3p 2P electron-impact ex-
excitation in Ct" as a function of the c.m. energy. The absolute citation in CP* as a function of the c.m. energy. The absolute

measgremgnts, corre_cted for m_et_astable contamination, are Showly, .\ rements are shown as solid points. Relative uncertainties, rep-
as solid points. Relative uncertainties, represented by the error barlsesented by the error bars, are at C.L. The total expanded un-

are at Ir C.L. The total expanded uncertainty at the_ 90% C.L. is certainty at the 90% C.L. is shown by the bold error bar at 16.05 eV.
shown by the bold error bar at 19.46 eV. The theoretical results ar he result of the present seven-term, 12-level IGEMatrix cal-

convoluted with a 0.18 eV FWHM Gau_ssian energy diStriI:’Ution'culation convoluted with a Gaussian energy distribution of 0.18 eV
The present 20-term, 36-level ICFRFmatrix results are shown by EWHM is shown as the solid line

the solid line. The dotted line is from the 11-tefd® Rmatrix
calculation of Baluja and Moha22]. . . .
: ap2] lation by Baluja and Mohaf22] for the 35> 1S—3s3p P in

. . : - _...CIP* both convoluted with an assumed Gaussian energy dis-
scopic and theoretical energies was sufficiently good in th|§ribution of 0.18 eV FWHM. In Fig. 4, we compare the ex-

lon that no adjustment of the theoretical energies was, .nontal results for the 385 3p 2P excitation in CP*
needed. The size gf tHé—matnx box was 9.7 a.u., a}nd WE with the corresponding theoretical cross section determined
again used 15 basis orbitals to represent the continuum fqlc

h val fth I ¢ d all partial om the present seven-term, 12-level ICRAmatrix calcu-
each value of the anguiar momentum, and all partial WaVegyiio, - also convoluted with a Gaussian distribution of 0.18
from L=0 to 20 were included. eV FWHM

IV. RESULTS AND DISCUSSION A Results for CF+

Excitation cross sections, deduced from the measurements The experimental absolute cross sections of tsé!3
using Eq.(2) and the adjustments as described above, for the,3s3p P transition in C?™, corrected for the metastables
3s?!S-3s3p!P in CI°* and 32S—3p?P transitions in  fraction, are plotted in Fig. 3. As seen in this figure, the result
CI®* versus the center-of-mass interaction energy are plottegf the present 20-term calculations are below those of the
in Figs. 3 and 4, respectively. The energy range of the meaearlier 11-term calculations of Baluja and Mohan. We have
surementgabout 1.5 eV above thresholds for these transifound that the effect of intermediate coupling included in the
tions) was limited by the backscattering of electrons, as dispresent ICFTR-matrix calculations had very little effect on
cussed previously. The points represent average experimentalke results. The discrepancy between these two calculations,
values, and the error bars display relative uncertaintieat the 20% level, is most likely due to differences in the
(quadrature sum of statistical uncertainties and uncertaintiegescriptions of the target wave functions as well as the addi-
due to trajectory modeling correctionat the one standard tional terms included in the close-coupling expansion in the
deviation (lo) level. The combined absolute uncertainty present calculation. However, both theoretical calculations
[21] U of the cross section at the 90% confidence I€@eL.)  are significantly below the measured cross sections. The dis-
is obtained from the quadrature sum of statistical and alhgreement between theory and experiment in the energy re-
systematic uncertainties, where both are at 90% C.L. Typicagion between 19 and 20 eV, where the cross section is domi-
values ofU are 31% for excitation of CI' and 23% for nated by direct excitation, is especially surprising. The
excitation of C#*. Experimental results above 18.9 eV and discrepancy in the energy range below 19 eV, where the reso-
15.75 eV for Ct" and CP*, respectively, have been cor- nances contribute significantly to the cross section, is more
rected for backscattering signal losses. understandable since the magnitudes of these resonances are

Also shown in Fig. 3 are the results of the present 20very sensitive to the details of the calculatidese Griffinet
term, 36-level ICFTR-matrix close-coupling calculation and al. [23]). We see from this figure that, despite the differences
the results of an earlier 11-terb couplingR-matrix calcu-  in magnitude, the general shape of the experimental reso-
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nance feature near 18.65 eV seems to be accurately predicte (the threshold for B 2P5, excitation. The agreement
by both theoretical calculations, while the resonance featurbetween theory and experiment is good in both magnitude
near 18.85 eV appears to be more consistent with the preseand shape, with the ICFR-matrix prediction being lower
calculations. The experiment on the®Clion was repeated than the experimental results by about 10%.
twice over a period of six months with no significant differ-  |n our earlier work with the dipole-allowed s3S
ence. —3p 2P transition in Na-like Si* [4] and AF " [5] ions, the

In our previous electron-impact excitation studies of theagreement between theoretical calculatif2s] and the ex-
dipole-allowed 3**S—3s3p'P transition in the Mg-like perimental data was also found to be very good. Direct ex-
ions A°* [6] and St* [7], the agreement of the cross sec- citation dominates in these transitions, at least through the
tions with the theory was mixed. The experimental vali@&s energy range of the MEIBEL measurements.
and the convoluted theoretical cui@4] in Ar®*, where the
direct mechanism dominates, agree within 10%. For the V. CONCLUSIONS
3s?15-3s3p P in S where the resonances make a con-
tribution to the excitation cross-section in the near-threshold Experimental and theoretical cross sections are presented
region, the agreement between the theoretical ci#¢pand  for the dipole-allowed transitionss3 'S—3s3p *P in CI°*
the MEIBEL resultd 7] is reasonable. However, the theoret- and 32S—3p 2P in CI®*. The merged electron-ion beams
ical data are slightly smaller near threshold, have a slowegnergy-loss technique is used to measure absolute excitation
drop from the peak cross section, and are slightly higher agross sections. The same transitions are studied using the
higher energies as compared to the MEIBEL data. ThéCFT R-matrix close-coupling method. There is good agree-
present discrepancies in magnitude between the theoreticalent between our theoretical calculations and our measure-
and experimental cross sections for the same transition iments for Ct*. In the case of CI, there is reasonable
CI°* are significantly larger. This is surprising since cou-agreement between the present theoretical calculation and
pling effects are expected to be much less important in &he earlier calculation of Baluja and Moh§22]; but there is
five-times ionized species than they are in a doubly ionizegignificant disagreement between the theoretical values and
species, so that the inclusion of more states in the closeexperimental data for the magnitude of the cross section. The
coupling expansion for € would be expected to have very discrepancy between theory and experiment is not just in the

little effect on the theoretical cross section. magnitude of the resonant contributions, as has occurred in
other cases. Here the discrepancy is almost as large in the
B. Results for CF* energy region dominated by the direct process. Causes for

] i i this discrepancy between theory and experiment are not
The experimental cross section for the dipole-allowedgyigent.

3s2S—3p?P excitation in C?™ and the total theoretical

cross section for the transitions from the?%,,, ground

state to the 2P, and P 2P.3,2 excited states, determined ACKNOWLEDGMENTS
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