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Absolute cross sections for near-threshold electron-impact excitation of the dipole-allowed
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N. Djurić,1 M. E. Bannister,2 A. M. Derkatch,3 D. C. Griffin,4 H. F. Krause,2 D. B. Popović,1 A. C. H. Smith,5
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Experimental and theoretical cross sections for electron-impact excitation of the dipole-allowed transitions
3s2 1S→3s3p 1P in Cl51 and 3s 2S→3p 2P in Cl61 near the excitation thresholds are reported. Absolute
cross sections are measured using the merged electron-ion beams energy-loss technique. The intermediate-
coupling frame-transformationR-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 3s 2S→3p 2P transition in Cl61. For Cl51, structures and trends in both the presentR-matrix
calculation and the previous calculation of Baluja and Mohan@J. Phys. B20, 831 ~1987!# agree well with the
experimental results. However, the magnitudes of the theoretical cross sections for Cl51 are significantly
smaller than the measured cross section, which has been corrected for metastable contamination.
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I. INTRODUCTION

Data for the electron-impact excitation of positive ions a
necessary to model and diagnose high-temperature pla
important in controlled-fusion research@1,2# and astrophys-
ics @3#. Multiply charged ions occur in these environmen
and it is important to have knowledge of collision cross s
tions for the analysis and diagnostics of such plasmas. M
of the existing data for electron-impact excitation of positi
ions come from theoretical calculations. Absolute expe
mental measurements are needed to provide tests of the
oretical methods.

We have previously reported on experimental cross s
tion measurements for the dipole-allowed transitions in a
Na-like and Mg-like ions@4–7#. Here we present measure
ments and calculations of the excitation cross sections for
3s2 1S→3s3p 1P transition in Mg-like Cl51 and the 3s 2S
→3p 2P excitation of Na-like Cl61.

Electron-impact excitation of atoms and ions can oc
through both direct excitation and the indirect process
dielectronic capture of the incident electron into a dou
excited state, followed by autoionization to an excited sta
For example, in Cl51, the processes that will contribute t
the 3s→3p excitation may be schematically represented

e1Cl51~3s2!→Cl51~3s3p!1e,

e1Cl51~3s2!→Cl51~3snln8l 8!→Cl51~3s3p!1e. ~1!

However, these processes are not independent, and th
fects of the interactions between the various resonant s
of the recombined ion as well as interference between
indirect and direct mechanisms are important, especially
1050-2947/2002/65~5!/052711~7!/$20.00 65 0527
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lower-charge-state ions. These effects are included in
close-coupling calculation. For highly charged ions, the
processes have been treated accurately using an indepe
processes approximation, in combination with the distort
wave method@8#. Although usually not so dominant as in th
case of optically forbidden transitions, resonances may a
be important for certain dipole-allowed transitions. We sh
see that resonance structures appear in the near-thresho
gion of the excitation cross sections for both the ions stud
here.

II. EXPERIMENTAL TECHNIQUE

We have used the JILA/ORNL merged electron-ion bea
energy-loss~MEIBEL! apparatus@9# for our experiment. The
MEIBEL apparatus is designed to detect electrons that h
lost most of their energy during inelastic collisions with ion
The ions were produced from CCl4 gas in the ORNL Caprice
electron-cyclotron resonance ion source, extracted and ac
erated through about 15-kV potential, mass-to-charge a
lyzed, and directed into the MEIBEL apparatus. Sin
35Cl51 has the same mass-to-charge ratio as14N21, the cross
sections were measured using the37Cl51 isotope.

The MEIBEL apparatus shown in Fig. 1 is immersed in
uniform magnetic field~;3 mT! parallel to the direction of
the incident ion beam. The merger, consisting of a pair
parallel plates producing a transverse electric field, is use
merge the electron beam with the ion beam. The electr
are produced in a dispenser-cathode electron gun, and
tially they travel parallel to the ion beam. In the merger w
crossedE and B fields (E3B), the electron motion is tro-
©2002 The American Physical Society11-1
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FIG. 1. Schematic view of the
JILA/ORNL merged electron-ion
beam energy-loss~MEIBEL! ap-
paratus. The apparatus is im
mersed in a uniform magnetic
field ~in the z direction! and con-
sists of three main units: merge
interaction region, and demerger
er
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choidal, with two cyclotron orbits superposed on a drift p
pendicular to both fields. Electrons exit the merger with
same velocity parallel to the ion beam as when they ente
but their position is displaced so they are now merged w
the ions. The electrons and ions travel together in an elec
field-free interaction region for about 68.5 mm, where t
collisions take place.

The demerger also consists of a pair of parallel plates w
a transverse electric field, and it disperses electrons acc
ing to their velocity component parallel to theB field. Thus,
electrons that have lost energy in inelastic collisions w
ions will be deflected at greater angles and directed on
position sensitive detector~PSD!. The PSD consists of a pa
of microchannel plates and a resistive anode. The efficie
of the PSD was measured to be 0.5560.02, by alternately
directing an electron beam (;10214 A) onto the detector
and into a Faraday cup connected to a vibrating reed e
trometer. The primary electron beam and electrons elastic
scattered in the forward direction are deflected less by thE
andB fields toward a Faraday cup. Electrons that are ela
cally scattered from ions at large angles may have the s
range of longitudinal velocities as the inelastically scatte
electrons, and thus could in principle reach the detec
causing an overestimate of the cross section. This is
vented by a set of five apertures mounted at the deme
entrance. Trajectory modeling@10# is used to verify that the
apertures block elastically scattered electrons that would
erwise reach the detector. The ion beam is not significa
affected by the two fields; after continuing through the d
merger it is deflected by 90 ° before reaching the ion Fara
cup.

A video beam probe@11# is inserted into the interaction
region, and thexy beam density distributions are recorded
distinct positions~usually seven! as the probe is moved alon
the z direction. These data are used to compute the be
overlap as discussed below.

A. Data

The relationship between the excitation cross section
the interaction energy in the center-of-mass~c.m.! system,
Ec.m., with experimentally measured parameters is given
the well-known equation@12#
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s~Ec.m.!5
Rqe2

«I eI i
U vev i

ve2v i
UF, ~2!

whereR is the signal count rate of the inelastically scatter
electrons;« is the measured PSD efficiency;ve , v i , I e , and
I i are laboratory velocities and currents of the electrons
ions of chargee and qe, respectively; andF is the form
factor that represents the overlap of the two beams. The f
factor F is given by

F5

E G~x,y,z!dxdyE H~x,y,z!dxdy

E G~x,y,z!H~x,y,z!dxdydz

, ~3!

where z is the direction of the magnetic field. As note
above, the current densities of the two beamsG(x,y,z) and
H(x,y,z) are measured using a two-dimensional vid
probe.

Despite careful tuning of both beams and residual pr
sure on the order of 1028 Pa, the signal collected at the PS
is accompanied by high background counts coming fr
both beams scattering from residual gas and surfaces
extract the signalR coming from the inelastically scattere
electrons in the studied transition, both beams are choppe
a phased four-way sequence. The counts from the PSD
directed to a position sensitive computer and further into f
histogram memories. The signal spectrum is extracted by
appropriate subtraction and addition of the outputs of
four channels.

Typically, the data taking procedure starts with setting
laboratory energy of the electrons for the chosen ion ene
using the relation

Ec.m.5mFAEe

me
2AEi

mi
G2

, ~4!

whereEe andEi are the laboratory energies of electrons a
ions of massme andmi , respectively, andm is the reduced
mass.
1-2
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ABSOLUTE CROSS SECTIONS FOR NEAR-THRESHOLD . . . PHYSICAL REVIEW A65 052711
The next~and very tedious! step is to tune both beams t
achieve minimum backgrounds, consistent with adequ
beam overlaps. The goal is to make the beams overlap
sonably well in the interaction region and not overlap with
and after the demerger apertures. This configuration prev
the production of a spurious signal at the detector from e
tically scattered electrons~through large angle elastic scatte
ing!. Profiles of the two beams are then measured and
form factor is calculated. At this point, data taking starts a
continues until the required statistical precision is obtain
The next c.m. energy is then set by scaling the voltages
plied to the electrodes of the electron gun, the merger and
demerger, and the magnetic field for the new laboratory
ergy of electrons. The c.m. energy is changed by only a
percent in order to keep the same electron configuration
that the determination of beam profiles for each data poin
not necessary. This process continues until the cross se
has been measured over a certain range ofEc.m., when the
form factor is again measured. The procedure is repe
several times over the energy region of interest, and the
sults are averaged for each energy.

B. Adjustments to data

1. Center-of-mass energy

In order to establish the absolute electron energy scale
also to compare theoretical data with experiment, we m
determine the effective distribution of energies in the int
action region. Because of the Coulomb field in electron-
collisions, the cross section for excitation is finite at thre
old. For dipole-allowed transitions without strong resona
contributions, this often results in a near-step-function
havior of the cross section at threshold. Then, the adop
procedure@5,6# is to fit experimental data with a convolutio
of a Gaussian energy distribution of variable width, with
step function at the spectroscopic threshold value. In s
cases, we have consistently found effective energy distr
tions between 0.18 and 0.20 eV. In the present case, r
nances play a prominent role in the cross section near thr
old, so this fitting routine is not appropriate. In order
compare theoretical calculations with experiments, we h
used a Gaussian distribution of 0.18 eV full width at h
maximum ~FWHM!, as has been employed in other rece
measurements@13#. The energy has been shifted to agr
with the spectroscopic threshold value.

2. Below-threshold spurious signal

In all our experiments, we observed a spurious signal
low each investigated threshold, which is probably due to
effect of space charge of one beam on the background o
other beam. Fortunately, this spurious signal of about 10%
maximum cross sections appeared to be constant with
energy and the time necessary for stepping through the
tively small threshold energy range; therefore its value co
be subtracted from the measured cross sections.

3. Path length

In evaluating the form factorF in Eq. ~3!, the geometric
length of the merge path was used for integration ovez.
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However, if the electrons have any transverse velocity (v t)
upon exiting the merger, they will undergo helical traject
ries about theB field ~with radiusr e5mv t /eB) while in the
interaction region. Thus, the collision path length is sligh
lengthened, and the apparent measured cross sectio
slightly too large. However, the increase of the collision pa
length is only about 0.1% for the present experimental c
ditions, and therefore no correction to the data was appl

4. Backscattering

At the threshold energy for a given excitation and at el
tron energies just above the threshold, all inelastically sc
tered electrons travel in a forward direction in the laborato
frame. But, as the energy increases above threshold to
point that scattered electrons have velocity greater than
ion velocity, electrons scattered backward in the c.m. fra
will also be traveling backwards in the laboratory frame a
will not proceed to the PSD. Trajectory modeling@10# is
used, as described in our earlier publications@5,9#, to calcu-
late and to correct for these losses. As corrections gre
than 10% were considered to be unacceptable, backscatt
limits the energy range of the experiment.

5. Metastable ions

In our previous work with Mg-like ions@6,7#, we found
that the ion beam consisted of ground state ions and a
nificant fraction of metastable ions in the 3s3p 3P0 and 3P2
states. Thus, we expected that the Cl51 ion beam would also
be a mixture of ions in the ground and metastable states
order to determine the metastable content, the Cl51 ion beam
was redirected into the ORNL crossed-beams apparatus
for electron-impact ionization measurements@14#. With
metastable ions in the beam, one observes an ionization
nal first at the threshold for ionizing metastables, then a s
ond rise when ionization from the ground state is energ
cally possible. The ionization cross sections are fi
measured between 97.5 and 200.0 eV~Fig. 2 solid square
points!. Thus, by extrapolating the signal~apparent cross sec
tion! at low energy to the abscissa, we could determine
apparent threshold for ground state ionization with a spec
scopic value of 97.03 eV@15#. Data were then taken at onl
three c.m. energies: 80.0 eV, below the threshold for ioni
tion from the metastable state; 91.0 eV, where there i
contribution only from the 3p electron of the metastabl
state; and 180.0 eV, where the mixed-state beam is con
uting to the measured ionization cross section. This pro
dure was adopted to achieve the best possible statistical
cision in a reasonable measurement time (;30 h), since the
apparent ionization cross section of the 3p from the meta-
stable initial state ions is only about 10219 cm2. To obtain
the metastable-to-ground fraction we used the semiempir
single parameter Lotz formula@16# for the ionization from
the metastable state and then from the ground state.
fitting procedure included spectroscopic ionization thre
olds, as required by the Lotz formula, and an adjustable
rameter for the metastable fractionf m . The parameterf m
was adjusted until the ratio of cross sections at 91.0 eV
180.0 eV agreed with the measured ratio. Thus, the assu
1-3
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tion in this procedure is that the Lotz formula gives corre
relative values from different electron subshells, even tho
the overall magnitude may be somewhat in error. The cu
plotted in Fig. 2 has been multiplied by 0.61 so that t
agreement of the Lotz and the measured ratios can be
from the plot. The metastable fraction thereby determin
from ionization data was 0.2360.12. The ground state frac
tion is then 0.7760.12, and a multiplicative correction o
1.30 is applied to the measured excitation cross sectio
give the cross section from the 3s2 1S ground state. An ad-
ditional uncertainty in the absolute value of the cross sec
is incorporated in the total uncertainty quoted in Sec. IV.
the case of the Na-like Cl61 ion, no metastable ions shoul
be present.

III. THEORETICAL CALCULATIONS

The accuracy of theoretical calculations for electro
impact excitation depends critically on the description of
target orbitals, as well as the states included in the clo
coupling expansion and the details of the scattering calc
tion. For both ions, the multiconfiguration Hartree-Fock p
grams of Froese-Fischer@17# were used to generate th
bound orbitals. In the case of Na-like Cl61, the target de-
scription was relatively simple; it included the 3s ground
state and the 3p, 3d, 4s, 4p, 4d, and 4f excited states. The
1s, 2s, 2p, and 3s orbitals were generated from a Hartre
Fock ~HF! calculation for the 3s ground state, while the 3p,
3d, 4s, 4p, 4d, and 4f orbitals were generated from
frozen-core HF calculation on thenl excited states. All seven
terms and 12 levels resulting from these calculations w
included in the close-coupling expansion for the scatter

FIG. 2. Electron-impact ionization cross sections for Cl51 to
determine the apparent ground state fraction in the target beam~see
text!. j, absolute data measured between 97.5 and 200 eV;m,
absolute data measured at three points with better statistical p
sion. The solid curve is from the single parameter Lotz@16# formula
with an adjustable parameterf m to make the ratio of values at 91.
eV and 180.0 eV agree with the measured ratio, and then multip
by 0.61 to agree with our absolute ionization measurements. R
tive uncertainties, represented by the error bars, are at 1s C.L.
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calculation and had energies within 0.5% of the spect
scopic values@15#. In addition, radiative rates calculated
the length and velocity gauges for all dipole-allowed tran
tions were in good agreement.

The target description for Mg-like Cl51 required a signifi-
cantly more elaborate configuration-interaction expansion
included all even-parity levels originating from the 3s2, 3p2,
3s3d, 3d2, 3s4s, 3s4d, 3p4p, 4s2, 4p2, 4d2, 3s5s,
3s5d, 3p5p, 5s2, 5p2, and 5d2 configurations and the odd
parity levels originating from 3s3p, 3p3d, 3p4s, 3p4d,
3p5s, and 3p5d. The 1s, 2s, 2p, 3s, and 3p orbitals were
generated from a configuration-average Hartree-F
~CAHF! calculation for the 3s3p configuration. The 3d, 4s,
4p, and 4d orbitals were generated from frozen-core CAH
calculations for the 3snl configurations. Finally, the 5s, 5p,
and 5d were pseudo-orbitals, generated from multiconfig
ration Hartree-Fock calculations designed to improve the
scription of both the 3s2 1S ground term and 3s3p 1P term.
Breit-Pauli configuration-interaction expansions involvin
these 16 even-parity configurations and six odd-parity c
figurations yielded energy levels in good agreement w
spectroscopic energies. Spectroscopic energies exist fo
levels of the 36 arising from the 20 terms included in t
close-coupling expansion discussed below; of these, 29 w
within 1% of the spectroscopic values. The exceptions w
the 3s3p 1P1 , 3p2 1S0, and 3p3d 1P1 levels for which the
average deviation from the spectroscopic energies, w
1.7%, 1.2%, and 5.4%, respectively. In addition, the len
and velocity radiative rates for the stronger dipole-allow
transitions were in good agreement; for example, for the
portant 3s3p 1P1→3s2 1S0 radiative transition, they agree
within 1.5%.

The scattering calculations for Cl51 and Cl61 were per-
formed using the intermediate-coupling fram
transformation~ICFT! R-matrix method@18#. With the ICFT
method, one first employs multichannel quantum-def
theory ~MQDT! to generate unphysicalK matrices in pure
LS coupling @19#. These matrices are then transformed
intermediate coupling using term-coupling coefficients, a
finally the physicalK matrices are determined from the u
physical K matrices and the level energies using MQD
This method has been shown to yield results in excell
agreement with a full Breit-PauliR-matrix calculation
@18,20#.

In the case of Cl51, the 20 terms arising from the con
figurations 3s2, 3s3p, 3p2, 3s3d, 3p3d, 3s4s, 3s4p, and
3s4d were included in the close-coupling expansion for t
LS portion of the calculation. In order to improve the acc
racy of the scattering calculation, the theoretical energ
were adjusted to the spectroscopic values, where known.
size of theR-matrix box was 11.3 a.u. and we used 15 ba
orbitals to represent the continuum for each value of
angular momentum. AllLSΠ partial waves fromL50 to 20
were included in the partial-wave expansion, which is mo
than enough to assure convergence for the energies co
ered here.

With Cl61, the seven terms mentioned above were
cluded in the close-coupling expansion for theLS portion of
the calculation; however, the agreement between the spe

ci-

d
la-
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scopic and theoretical energies was sufficiently good in
ion that no adjustment of the theoretical energies w
needed. The size of theR-matrix box was 9.7 a.u., and w
again used 15 basis orbitals to represent the continuum
each value of the angular momentum, and all partial wa
from L50 to 20 were included.

IV. RESULTS AND DISCUSSION

Excitation cross sections, deduced from the measurem
using Eq.~2! and the adjustments as described above, for
3s2 1S→3s3p 1P in Cl51 and 3s 2S→3p 2P transitions in
Cl61 versus the center-of-mass interaction energy are plo
in Figs. 3 and 4, respectively. The energy range of the m
surements~about 1.5 eV above thresholds for these tran
tions! was limited by the backscattering of electrons, as d
cussed previously. The points represent average experim
values, and the error bars display relative uncertain
~quadrature sum of statistical uncertainties and uncertain
due to trajectory modeling corrections! at the one standard
deviation (1s) level. The combined absolute uncertain
@21# U of the cross section at the 90% confidence level~C.L.!
is obtained from the quadrature sum of statistical and
systematic uncertainties, where both are at 90% C.L. Typ
values ofU are 31% for excitation of Cl51 and 23% for
excitation of Cl61. Experimental results above 18.9 eV a
15.75 eV for Cl51 and Cl61, respectively, have been co
rected for backscattering signal losses.

Also shown in Fig. 3 are the results of the present 2
term, 36-level ICFTR-matrix close-coupling calculation an
the results of an earlier 11-termLS couplingR-matrix calcu-

FIG. 3. Cross section for the 3s2 1S→3s3p 1P electron-impact
excitation in Cl51 as a function of the c.m. energy. The absolu
measurements, corrected for metastable contamination, are s
as solid points. Relative uncertainties, represented by the error
are at 1s C.L. The total expanded uncertainty at the 90% C.L.
shown by the bold error bar at 19.46 eV. The theoretical results
convoluted with a 0.18 eV FWHM Gaussian energy distributio
The present 20-term, 36-level ICFTR-matrix results are shown by
the solid line. The dotted line is from the 11-termLS R-matrix
calculation of Baluja and Mohan@22#.
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lation by Baluja and Mohan@22# for the 3s2 1S→3s3p 1P in
Cl51, both convoluted with an assumed Gaussian energy
tribution of 0.18 eV FWHM. In Fig. 4, we compare the e
perimental results for the 3s2S→3p 2P excitation in Cl61

with the corresponding theoretical cross section determi
from the present seven-term, 12-level ICFTR-matrix calcu-
lation, also convoluted with a Gaussian distribution of 0.
eV FWHM.

A. Results for Cl5¿

The experimental absolute cross sections of the 3s2 1S
→3s3p 1P transition in Cl51, corrected for the metastable
fraction, are plotted in Fig. 3. As seen in this figure, the res
of the present 20-term calculations are below those of
earlier 11-term calculations of Baluja and Mohan. We ha
found that the effect of intermediate coupling included in t
present ICFTR-matrix calculations had very little effect o
the results. The discrepancy between these two calculati
at the 20% level, is most likely due to differences in t
descriptions of the target wave functions as well as the a
tional terms included in the close-coupling expansion in
present calculation. However, both theoretical calculatio
are significantly below the measured cross sections. The
agreement between theory and experiment in the energy
gion between 19 and 20 eV, where the cross section is do
nated by direct excitation, is especially surprising. T
discrepancy in the energy range below 19 eV, where the re
nances contribute significantly to the cross section, is m
understandable since the magnitudes of these resonance
very sensitive to the details of the calculations~see Griffinet
al. @23#!. We see from this figure that, despite the differenc
in magnitude, the general shape of the experimental re

wn
rs,

re
.

FIG. 4. Cross section for the 3s 2S→3p 2P electron-impact ex-
citation in Cl61 as a function of the c.m. energy. The absolu
measurements are shown as solid points. Relative uncertainties
resented by the error bars, are at 1s C.L. The total expanded un
certainty at the 90% C.L. is shown by the bold error bar at 16.05
The result of the present seven-term, 12-level ICFTR-matrix cal-
culation convoluted with a Gaussian energy distribution of 0.18
FWHM is shown as the solid line.
1-5
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nance feature near 18.65 eV seems to be accurately pred
by both theoretical calculations, while the resonance fea
near 18.85 eV appears to be more consistent with the pre
calculations. The experiment on the Cl51 ion was repeated
twice over a period of six months with no significant diffe
ence.

In our previous electron-impact excitation studies of t
dipole-allowed 3s2 1S→3s3p 1P transition in the Mg-like
ions Ar61 @6# and Si21 @7#, the agreement of the cross se
tions with the theory was mixed. The experimental values@6#
and the convoluted theoretical curve@24# in Ar61, where the
direct mechanism dominates, agree within 10%. For
3s2 1S→3s3p 1P in Si21 where the resonances make a co
tribution to the excitation cross-section in the near-thresh
region, the agreement between the theoretical curve@24# and
the MEIBEL results@7# is reasonable. However, the theore
ical data are slightly smaller near threshold, have a slo
drop from the peak cross section, and are slightly highe
higher energies as compared to the MEIBEL data. T
present discrepancies in magnitude between the theore
and experimental cross sections for the same transitio
Cl51 are significantly larger. This is surprising since co
pling effects are expected to be much less important i
five-times ionized species than they are in a doubly ioni
species, so that the inclusion of more states in the clo
coupling expansion for Cl51 would be expected to have ver
little effect on the theoretical cross section.

B. Results for Cl6¿

The experimental cross section for the dipole-allow
3s 2S→3p 2P excitation in Cl61 and the total theoretica
cross section for the transitions from the 3s 2S1/2 ground
state to the 3p 2P1/2 and 3p 2P3/2 excited states, determine
from the present ICFTR-matrix calculations, are presente
in Fig. 4. Again, the effects of intermediate coupling i
cluded in the ICFT method are minimal for this transitio
and a very similar theoretical result would be expected fr
an R-matrix calculation in pureLS coupling. The separation
between the 3p 2P states is not large enough to be resolv
within the given experimental uncertainties; however, the
perimental data do show changes in the threshold slop
15.25 eV~the threshold for 3p 2P1/2 excitation! and at 15.5
-

D.

E.

05271
ted
re
ent

e
-
ld

er
at
e
cal
in
-
a
d
e-

d

-
at

eV ~the threshold for 3p 2P3/2 excitation!. The agreement
between theory and experiment is good in both magnit
and shape, with the ICFTR-matrix prediction being lower
than the experimental results by about 10%.

In our earlier work with the dipole-allowed 3s 2S
→3p 2P transition in Na-like Si31 @4# and Ar71 @5# ions, the
agreement between theoretical calculations@25# and the ex-
perimental data was also found to be very good. Direct
citation dominates in these transitions, at least through
energy range of the MEIBEL measurements.

V. CONCLUSIONS

Experimental and theoretical cross sections are prese
for the dipole-allowed transitions 3s2 1S→3s3p 1P in Cl51

and 3s 2S→3p 2P in Cl61. The merged electron-ion beam
energy-loss technique is used to measure absolute excit
cross sections. The same transitions are studied using
ICFT R-matrix close-coupling method. There is good agre
ment between our theoretical calculations and our meas
ments for Cl61. In the case of Cl51, there is reasonable
agreement between the present theoretical calculation
the earlier calculation of Baluja and Mohan@22#; but there is
significant disagreement between the theoretical values
experimental data for the magnitude of the cross section.
discrepancy between theory and experiment is not just in
magnitude of the resonant contributions, as has occurre
other cases. Here the discrepancy is almost as large in
energy region dominated by the direct process. Causes
this discrepancy between theory and experiment are
evident.
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