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Absolute total cross sections for electron-impact excitation of #%e'S—3s3p P and ¥° 1S—3s3p P
transitions in Si* were measured using the merged electron-ion beams energy-loss technique. The results are
compared toR-matrix close-coupling theory, which predicts a strong resonance enhancement of the cross
section near the threshold for excitation of fte state and this is confirmed by the experiments. The observed
disagreement between theory and experiment for the dipole excitation is suggested to be due to resonance
interference[S1050-294{@7)05911-9

PACS numbd(s): 34.80.Kw

. INTRODUCTION 3s? 1S-3s3p 3P transitions in the isoelectronic ion %i

Strong dielectronic resonances are predicf@d| in the

The description and modeling of natural and laboratorynear-threshold region for the spin-forbidden transition lead-
plasmas require quantitative information on the atomic proing to an extremely high cross sectior 20x 10~ 6 cn?) in
cesses occurring within the plasma. An important area, pathis energy region.
ticularly in hot plasmas, is that of electron-ion collisions and
great effort, over many years, has been applied to generating Il. EXPERIMENT
reliable cross sections for the various collision processes. ] i
The extremely large amount of data required has been, and 1€ experiments were performed using the JILA-ORNL
will continue to be, provided predominantly by theoretical M€r9ed electron-ion beam energy IGSEIBEL) technique,

calculations. The role of experimenters will be to measuré’vh'Ch has several advantages over the crossed-beams fluo-

selected cross sections to serve as tests of the theoretid&> e € method that has. provided the _majonty of.t.he Cross-
methods. section data for electron-impact excitation of positive ions

In the specific case of electron-impact excitation of mul-[g’g]' MEIBEL has an increased detection sensitivity, a nar-

. ; . . rower electron energy distribution, and, essential for the
ticharged ions, the calculated cross sections frequently di

ay th ; thouah th S;5resent work on resonances in ion excitation, allows the ex-
play the presence of numerous resonan@gsAlthough the 5 ination of both dipole and nondipole transitions. Details

influence of the resonances on rate coefficients in a plasrT@f the MEIBEL apparatus have been given elsewHa@
may be significant, particularly at low temperatures where &nq therefore only a brief summary is included here. Elec-
small number of resonances can dominate the rate coeffirons are merged with ions using a trochoidal analyzer and
cient, very few electron-impact excitation experiments havejemerged with a similar analyzer after interacting with the
provided adequate tests of their theoretical descripf®in ions in a region free of electric fields. The apparatus, sche-
Furthermore, few nondipole excitations have been studieghatically depicted in Fig. 1, is immersed in a uniform mag-
experimentally{3] even though resonance structure is oftennetic field (~3 mT) parallel to the ion beam extracted from
predicted to dominate the cross sections. an electron-cyclotron resonanECR) ion source. Electrons
This paper represents a continuation of our program tdrom the gun enter a region of crossdand B fields, the
measure excitation cross sections in ions that will providemerger, perform two cyclotron orbits and a drift perpendicu-
tests of the resonance theory. Earlier measurenifditen |ar to the two fields so that the electrons exit the merger on
Kr®* confirmed experimentally, the extreme sensitivity of trajectories with the same velocities as they entered but
the interference of resonances to their exact energiés  shifted perpendicular to the entering axis. The electrons are
This conclusion was reinforced by measuremg6ison the  then collinear with the ions during their passage through the
simpler, Mg-like ion, AP*. We are now reporting data on 68.5-mm interaction region before proceeding into the sec-
the excitation cross sections for the?3'S—3s3p P and  ond trochoidal analyzer, the demerger, which deflects the
primary electrons through a small angle into a Faraday cup
collector while dispersing the inelastically scattered electrons
*Permanent address: Department of Physics, St. Francis Xaviéhrough larger angles onto a position sensitive detector
University, Antigonish, Nova Scotia, Canada B2G 2W5. (PSD), consisting of a pair of microchannel plates and a
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FIG. 1. Schematic view of the merged electron-ion beam energy 9.8 100 102 104 106 108 11.0 112 114 116 118

loss (MEIBEL) apparatus. Interaction Energy (eV)
resistive anode. The ions, whose trajectories are not deviated FIG. 2. Cross section vs center-of-mass interaction energy for
significantly by the demerger fields, are deflected througtelectrons bombarding i and producing the transition
90° and collected in another Faraday cup. Electrons elastBs? 'S—3s3p 'P. Points represent average experimental values
cally scattered through large angles may have similar reand the bars display the relative uncertainties at 90% confidence
sidual forward velocities to the inelastically scattered eleclevel. The solid curve is a convolution of a Gaussian of width 0.24
trons and could, in principle, reach the PSD. This is€V with CCR theory from Ref(8].
prevented with a series of five apertures placed at the en-
trance to the demerger. A movable video probe is used teents of 60 nA, and form factors around<20 3 cm. The
measure the densities of the two beaf®(x,y,z) and signal rates ot 2800 s were accompanied by background
H(x,y,z)] at a number of positions along the interaction pathrates ofB,~25000 s!, B;~5000s !, andB,~50s! for
in order to compute the overlap of the two beams. background pressures in the collision chamber of
The signal on the PSD is accompanied by large back2x 108 Pa (1.5<10 '° torr) and ion energies of 22 and 40
ground contributions from electron and ion scattering fromkeV. The detection efficiency was measured to be
residual gas and surfaces, and this requires that both bearp$06+0.018.
are chopped in a phased four-way pattgt]. The signals, The data gathering protocol followed that used previously
with position and timing information, are accumulated in[6] and involved tuning the ion and electron beams to
four histogram memories corresponding1p electron back-  achieve minimum backgrounds while maintaining a reason-
groundB, plus “dark” backgroundBy; (2) ion background able overlap of the beams in front of the demerger apertures
B; andBy; (3) inelastic signalS plus B, plus B; plus By; but no overlap behind them in order to avoid any elastic
and (4) Bq. Before the memory contents can be appropri-scattering beyond the apertures. The beam profiles were then
ately added and subtracted to obtain the signal as a functiameasured and the form factor determined. Data were col-
of position on the PSD, it is necessary to correct for the deatected at a particular electron energy until adequate statistical
time of the detector system. The present configurdt@rof  uncertainties were achieved. The electron energy was then
PSD, position computer, and fast first-in-first-ofIFO)  adjusted in order to change the interaction energy with care-
buffers between the position computer and histogram memdul scaling of the magnetic field and the voltages associated
ries leads to a net dead time in the strobe channel odith the electron gun, merger, and demerger to maintain the
307.0+:0.4 ns and in the rate channel of 68.0.1 ns. The electron beam profile. Thus, over a range of energies the
counts on the PSD were also corrected position by positiofiorm factors were not determined other than at the beginning
for the dead time of the microchannel platés8 ms per and end of the range as a check on consistency. A number of

microchannel data runs covering the same energy range were made and
The excitation cross section at an interaction energy in thaverages of these measurements are presented in Figs. 2
center of mass systerg,, ,,, is determined by and 3.
The measured excitation cross sections for the
o(Eyr)= R ( Vel ) ﬁF D Si#*:3s? 1S—3s3p P transition were fitted to the convo-
“MT e \ve—wvi/ leli lution of a Gaussian energy distribution of variable width

with a step function at 10.28 eV, the spectroscopically deter-
whereR is the signal count rate from detection of the inelas-mined threshold energy11]. This procedure gave a full
tically scattered electrons,the measured PSD detection ef- width at half maximum(FWHM) spread in the interaction
ficiency, andv, v;, l¢, andl; are the laboratory velocities energy of 0.240.02 eV and a necessary shift in the energy
and currents of the electrons and ions of charge magnitidesscale due to a “contact potential” of 2.09 V, which was used
andqe, respectively. The form factdf is given by to correct all laboratory electron energies. This fitting proce-
dure is the same as that used previoudy, but, in the
_ JG(x,y,z)dxdyfH(X,y,z)dxdy present case, this dipole transition appears to have a reso-
 [G(x,y,2)H(x,y,2)dxdydz @ nance associated with the threshgle Fig. 2 that may
make the use of a step function somewhat suspect. However,
Typical values of the parameters appearing in @gfor  the excellent agreement for the energy spread with that de-
the present study are electron currents of 300 nA, ion curtermined[6] for Ar®* seems to validate the procedure and
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was therefore used to determine the width of the Gaussian T 1 17 17 T T T T 7 77
convoluted with the theoretical results in order to compare 18
with experiment. <
lons from the ECR source are accelerated through a fixed 5§ 14
potential, then momentum analyzed so that only particles of %
fixed M/g= 14 are in the analyzed beam. Mass spectra indi-
cated that beam contamination due to nitrogen ions was less
than 1%. It was expected that a significant fraction of the
Si#* ion beam would be in the metastabls3p 3P state and
therefore, in order to determine the fractioiy,, the ion
beam was redirected into the ORNL crossed-beam apparatus
[12]. The electron-impact ionization signal below the energy Lo b b b by b b
threshold for ionizing ground-state ions, i.e. 2E<35 eV, 62 64 66 68 70 72 74 76
was attributed to the metastable ions and these data resulteu Interaction Energy (eV)
in a determination of ,=0.301=0.014, in reasonable agree- g\, 3. Cross section vs center-of-mass interaction energy for
ment with a previous resulf13] for a similar ECR ion  gjectrons bombarding 3 and producing the transition
source. Thus, a correction of {1f ) “*=1.431 was applied 352 15_.3s3p 3P. Points and bars are as in Fig. 2. The solid curve
to the measured cross sections for excitation from #fe'$  is a convolution of a Gaussian of width 0.24 eV with CCR theory
ground state. from Ref.[8] and the dashed curve is a similar convolution with
For electron energies sufficiently above the threshold foICCR theory from Ref[7].
an excitation, the scattered electron velocity in the c.m.
frame may be such that backscattered electfonghe c.m.
frame may not move forward in the laboratory frame and
thus may not proceed into the demerger and onto the PSD. . :
This limits the energy exceeding the threshold energy fof€Solution B contribute a ~ constant  (1.316
which one can determine the cross sections without correct 0-036)< 107 cn?’ to the measured cross sections below
tions for lost signal. In the present case, this is a major limithreshold. Part of the signal is probably due to inelastic scat-
tation as the maximum ion energy possible for a doublytering producing the &3p *P—3p? °P transition whose
charged ion from the ECR source is approximately 40 keVthreshold is 9.56 eV. For the measured metastable fraction of
For the two ion energies used, 22 and 40 keV, the maximur®-301, one would expedtl5] a contribution of approxi-
electron energies without the need for a correction are 0.481ately 1x 10 % cn? to the measured cross section. The
and 0.78 eV above the excitation threshold, respectivelyvalue determined from the fitting procedure has been sub-
Also, scattered electrons with sufficient velocity in the labo-tracted from the cross sections displayed in Fig. 2. For the
ratory frame perpendicular to the beam axis will have largeriplet measurements this signal appeared to vary for the
cyclotron radii and may be intercepted by the demerger apseparate data runs, making a contribution to the cross sec-
ertures leading to further lost signal. As detailed previouslytions between 0 and 3.8710 1 cm?. For this reason, the
[6], the data were corrected using a fully three-dimensionaparticular value for this spurious background contribution

trajectory modeling prograrfil4] for the demerger-detector npas peen subtracted from each data set before they were
portion of the instrument with the electrons starting from compined and presented in Fig. 3.

coordinates determined from the beam probe data and their The relative uncertainties, which have no correlation be-

initial trajectories weighted by the theoretical differential . een data points, are determined by the quadrature sum of
cross sections. The angular distribution of the cross sectiong, .o tainties resulting from counting statistics and uncertain-

(rjelf;(ca);e;ncszleg(r)]lrﬁ?zrr:trlgs];or:aigggl(esro?r?él ggrl::?nabtz dlacboer:ter(ij- Sies resulting from the incomplete collection of signal as de-
9 termined by modeling(20% of the correction The total

butions[8]. Modeling was performed for both types of dif- elative uncertainties are presented at the 90% confidence

ferential cross sections and, typically, the correction factorj . .
differed by less than 10%. The data presented here ha gvel (CL). The combined absolute uncertaif6] U, also

correction factors due to backscattering in the range of 1.08t @ 90% CL, includes systematic uncertainties that do not
2.0; no data have been included where modeling indicategffect the shape of the _data. Thus, added in quadrature, there
correction factors greater than 2. This decision restricted th@'® uncertainties resulting from the metastable content of the
3p excitation data to a maximum interaction energy of 7.25/0N beam(8%y); the spatial delimitation of the signal on the
eV for 22-keV ions and 7.56 eV for 40-keV ions with no PSD (3%), background subtractio(l5%), signal detection
correction for signal loss necessaie., a correction factor €efficiency (6%), form factor(15%), and current1% each
of 1.0) below 6.85 eV for 22-keV ions and below 6.91 eV for of the electron and ion beams. The uncertainty due to spuri-
40-keV ions. The equivalent limits in the case of the dipoleous signals does not include a contribution from the assump-
transition, where only 40-keV ions were used, were a maxition that this background may be subtracted nor that it may
mum interaction energy of 11.70 eV with no correction vary from one data set to anoth@n the case of the triplet
needed below 10.65 eV. excitation). Uncertainties in the detector dead times, the par-
A persistent signal below threshold was observed for botticle velocities, and thé\™ contamination of the ion beam
the singlet and triplet excitations. In the case of ffiedata  were considered negligible compared to the other uncertain-
this was determined from the fitting procedure for the energyies. A coverage factok=1.7, was used to make systematic

)
>

Cross Section (10~
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uncertainties comparable to 90% CL. Typical valuesUof within the relative uncertainties in the threshold region but
are 25.3% for the singlet excitation and 27.7% for the tripletsomewhat poorer above approximately 7.00 eV. But again, it
excitation. is in this higher-energy region where we suffer through loss

of signal and rely on modeling to correct the data. Unfortu-

lll. EXPERIMENTAL RESULTS nately, the higher-lying resonances could not be investigated

)1 N with the ion energies available from the present ion source.
A. 3s° “'S—3s3p P

The results for excitation of the dipole-allowed transition IV. CONCLUSIONS
[17] are shown in Fig. 2. The solid curve represents the o ) )
R-matrix close-coupling calculation of Griffiet al.[8], con- The data presented in this paper again demonstrate experi-

voluted with a Gaussian electron energy distribution ofmentally the importance of resonances in the electron-impact
0.24-eV FWHM. The bars on the points display the relative€Xcitation of positive ions. Thes_e data conf!rm_the resonance
uncertainty at 90% confidence level. As discussed aboveélomination of the cross section for excitation 3from the
there are additional systematic uncertainties of 23.7%. Thes@ound state to the lowest-lying excited states3p °P) of
data were obtained with a 40-keV ion beam and have beef-_in the near-threshold energy region as predicted by
corrected for energies greater than 10.60 eV for backscattef=CR theoretical methods. The experimental results for the
ing signal loss as outlined above. first dipole-allowed _eXC|tat|on of the ground state indicate
The agreement between experiment and theory is mixedhat resonance locations may have to be more accurately de-
The experimental data give slightly higher cross sectionéerm'“e‘_j to improve the calcqlated cross sections. A similar
near threshold with the theoretical results larger at highefonclusion was also reached in our previous work with*Kr
energies. One may speculate that the resonance responsiBfed A" targets, but in those cases it was reached through
for the second bump in the calculated curve at about 10.9 eponsideration of nondipole excitations. It is also interesting
may lie at a lower energy, which could improve the agreef0 note that for the spin-forbidden excitation in ®Arthe
ment between theory and experiment in this lower-energpdreement between experiment and CCR results was quite
region. The experimental data also suggest that the higheROOr in the threshold region but excellent for the higher-lying
lying resonance(near 11.7 ey may not make as large a resonances while, in the present case, the converse is true,
contribution to the cross section as predicted and may occur€-» We have excellent agreement in the threshold region.
at slightly lower energies. In the light of the larger uncertain-
ties in the higher energy region these suggestions should be
considered speculative. ACKNOWLEDGMENTS
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