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Electron excitation cross sections for the 822p 2P°—2s2p? *P and 2s2p? 2D transitions in O3*
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Experimental and theoretical electron-excitation cross sections are reported for sti2g 2P°
—2s2p? *P and —2s2p? 2D transitions in *. The transition energies are centered at 8.85 and 15.7 eV,
respectively. Measurements are made using the energy-loss merged-beams method. The center-of-mass energy
range covered is 6.(below thresholgito 19.3 eV. Comparison is made with results of new calculations in a
25-stateR-matrix theory and with results in a previous eight-statenatrix calculation. The presence of rich
resonance structure is confirmed in both experiment and theory. In most cases there is good agreement in the
magnitude of cross section, and energy location of the resonances.
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. INTRODUCTION or at a beam energy of fkeV=21.0 keV. Molecular oxy-
_ o _ _ _ . gen was used as the feed gas, with no other supporting gas
Optical emissions from highly charged ions provide im-ysed. The & ions are mass-charge analyzed in a double-
portant diagnostics of both electron temperature and dens'%cusing 90° bending magnet. The beam is focused into the
in high-electron temperature plasmas. Such plasmas are eganter of the interaction region through a series of baffled
countered in solar and stellar atmospheres, shock-heated Pefifferential-pumping regions and lens systems. Th&" O
tions of circumstellar clouds and the interstellar medium, anghegm is merged with a magnetically confined electron beam,
in planetary magnetospheresuch as the lo torgsHighly — whereby the electrons are trochoidally deflected onto the ion
charged ions(HCI's) including carbon, nitrogen, OXygen, peam. The electrons and ions interact along the 20.0
nickel and iron ions are also present in fusion plasmas as-g 3 cm merged path length. After the interaction, the con-
impurities sputtered into the plasma.fro'm plasma-Wal.I colli-fineqd inelastically scattered electrons are then demerged from
sions. In all cases, knowledge of excitation cross sections akge ions using a second trochoidal analyzer. Detection is by
required to understand the plasma density and temperaturgieans of a position sensitive detector at the exit of the sec-
and to model the cooling rate of the plasma from radiation.ong trochoidal system. Beam-overlap profiles are measured
Line intensity ratios for the & intercombination multip- with both beams running, and at four locations along the

lets near 1400 A have been used as electron density-sensitif§erged path using vanes with circular holes that intersect the
diagnostics for analysis of solar and stellar transition regions

[1-3)], novae[4], and quasarfs]. The G ground-state fine Py

structure splitting at 25.9Lm has also been used as part of 16 D 252p? (512, 3/2)
an infrared line intensity raticcombined with an emission at 03"'

a nearby wavelength from another species, such a9 e 14

search for active-galactic nucldi6]. All upper levels,
whether excited in a star or in cooler interstellar regions, are 12~
populated predominantly by electron impact. A summary of
the G" energy levels relevant to this work is given in Fig. 1. 10
Theoretical studies in the® system have included cal- 2s2p? (1/2, 312, 5/2)
culation of energy levels and collision strengths using the 8-
close couplingR-matrix theory[7-9], the calculation of en-

787.71, 790.11, 790.20A

|
IS
o

1397.23, 1399.78, 1401.16,

ergy levels and optical oscillator strengths using a multicon- 6} 1404.81 1407 38A
figuration Hartree-Fock theory10], and a close-coupling
R-matrix approach11]. 4

Il. EXPERIMENTAL DETAILS

Measurements of absolute cross sections were carried oL 0~ 25.91um| 25%2p (112, 32)

at the JPL Highly Charged lon Facility using a 14.0 GHz (V) 2po

electron-cyclotron resonance ion sourd&CRIS and 9y

merged-beams system. The experimental details have beengig. 1. Energy-level diagram of O indicating the fine-
previously given in Greenwooet al.[12] and Chutjiaret al.  structure wavelengths, including the ground-state transition at 25.91
[13]. The arrangement of the facility’s beam lines may beym useful in galactic infrared line searches. The excitations
found in Smithet al. [14]. Briefly, a beam of &" ions is  2s22p 2P°—2s2p2 4P and 222p 2P°—2s2p? 2D are studied
derived from the ECRIS at an extraction voltage of 7.0 kV,herein.
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beams at different radial distances from the merged axis. TABLE I. Excitation energies of the ¥ states included in the
Discrimination against elastically scattered electrons igresent 25-statR-matrix calculation.
through an electronic aperture that selectively filters elec
trons with large Larmor radiii.e., the elastically scattered Energy(eV)
ones prior to the trochoidal analyz¢d2], and through the ¢ . index
use of retarding grids after the analyzer. Any remaining elas-
tically scattered electrons which can overlap the inelastic 1
spectrum are accounted f@and subtractedthrough the use 2
of trajectory modeling and elastic differential cross sections 3 2s2p? D 15.95 15.69
dog/dQ calculated from the standard Coulomb-scattering 4 2s2p? 2S 20.83 20.37
expression for a triply ionized target given asr./dQ) 5 2s2p? 2p 22.79 22.39

6

7

8

9

LS state Calculated Observed

2s%2p 2p° 0.0 0.0
2s2p? 4P 8.74 8.8%

=1.166x 10 ¥ E?sin* (4/2) cnf/sr for center-of-mass 2p3 4P 28.67 28.70
angle # and energy E. These three features, combined with 2p® 2D° 31.84 31.64
the velocity dispersion of the trochoidal analyzer, allow one 2p3 2p° 36.26 35.82

to carry out measurements at energies both at and signifi- 25235 25 44.30 44.33
Tht(.at.basmdretlﬁnon betweetr_1 thEe ex;r)nezrlmtentally mefasured 11 2s23d 2D 52 14 52 00
qilf/argll ies and the cross sectioffE) (cnr) at energyE is 12 252p3s 4P 54.40 54.42
given as 13 252p3s 2P° 56.25 56.15
Rq€2F| v 14 2s2p3p 2P 57.94 57.92
o(B)="1 T = (1) 15 2s2p3p “D 58.12 58.08
Elelit- [Ve™ Vi 16 2s2p3p *S 58.87 58.81
4
whereR is the total signal rate (g), q is the ionic charge 1; ;Ssgpgp 25 gg'gz gg'g;
state(here,q=3), e is the electron charged), |, andl; are 19 235)4 pZS 60'14 60'22
the electron and ion currenté\) respectivelyy . andv; are N > ' '
. L = : : 20 2s2p3p 2S 61.40 61.09
the electron and ion velocities (cm’ respectivelyl is the
- : - 21 2s2p3d “F° 61.44 61.40
merged path lengttcm),  is the combined efficiency of the
At ; ; ; ; 22 2s2p3d “D° 61.97 61.96
rejection grids—microchannel-plate detection systdimen- et
sionlesy, and F is the overlap factor between the electron 23 2s2p3d e 62.02 61.98
and ion beams (cf). All quantities in Eq.(1) are measured, 24 2s2p3d 4DO 62.26 62.17
or for the particle velocities, are determined through their 25 2s2p3d P 62.49 62.49

acceleration potentials. : : —
&Take into account the fine-structure splitting of the ground state.

I1l. THEORETICAL CONSIDERATIONS .
the ground %%2s2p 2P° state. The P orbital was then

The present 25-statB-matrix calculations for electron reoptimized on the average of th@®4s°, 2D°, and 2P°
impact excitation of & are performed for the £2p ?P°  states. The spectroscopis,3p, 3d, 4s, and 4 orbitals are
—2s2p? *P and 2D transitions in the low-energy region optimized on the 82p3s, 2s2p3p, 2s2p3d, 2s?4s, and
from threshold to 25 eV to compare with the measured cros2s?4p states. The @ function is correlation type and is op-
sections. Earlier calculations for electron impact excitatiortimized on the 222p 2P° ground state.
of fine-structure transitions were presented by Luo and The convergence of Cl expansions for differ&@ sym-
Pradhan[7] and Blum and Pradhaf8]. They included metries was tested by considering up to two electron excita-
eight LS states (2%2p 2P°, 2s2p® P, °D, %S, P, tions from the basic configurationss2p, 2s2p?, 2p%,
2p 430, 2D°, 2P%) in the close-coupling expansion in their 2s2p3s, 2s2p3p, 2s2p3d, 2s?3s, 2s?3p, 2s23d, 2s5%4s,
R-matrix calculations in_S-coupling and used an algebraic and %%4p. The configurations with mixing coefficients less
transformation from the.S to a pair-coupling scheme to than 0.005 were then omitted from the CI expansions. In the
obtain collision strengths and rates for the fine-structure tranfinal calculation the symmetrie&P®, 2D°, 4S°, 4P°, 4p°,
sitions. 4F° 4D, 4P, S, 2D, 2P, and S have been represented

The present calculations take into account electron correby 55, 30, 8, 20, 15, 13, 16, 11, 8, 43, 32, and 43 configu-
lation and coupling to low-lying as well as to higher excited rations, respectively which add up to a total of 279 configu-
states to obtain accurate theoretical cross sections. Fairly erations. The quality of target wave functions is assessed by
tensive configuration-interactiofCl) wave functions are comparing the calculated excitation energies with values
used to represent the target states. Nine orthogonal onevailable from the NIST compilatiofl6]. There is very
electron orbitals &, 2s, 2p, 3s, 3p, 3d, 4s, 4p, and 4 good agreement between the calculated values and the NIST
describe the target wave functions that have been calculatembmpilation, as shown in Table I.
using the multiconfiguration Hartree-Fo¢MCHF) atomic- The wave function describing the electron-ion system in
structure packaggl5]. The 1s, 2s, and 2 orbitals were the internal region surrounding the atom witksa is ex-
first generated in a simple Hartree-FothF) calculation of  panded in terms of energy-independent functidig
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FIG. 3. Experimental and theoretically calculated cross sections
for excitation of the 322p 2P°—2s2p? *P transition in G*. Er-

ror bars are total absolute errors at each energy. The solid circles
and solid line are experimental and calculated results, respectively.
The arrow indicates the threshold for this transition at 8.810 eV.
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FIG. 2. Results of calculations for excitation of the?2p 2P°
—2s2p? *P transition in G*. Shown are results in an eight-state shift may have been caused by the lower calculated value of
R-matrix calculation[7] (dashed lingand present results in a 25- the 252p2 4p threshold in their calculatiori8.56 eV}, as
state R-matrix calculation(solid line). The arrow indicates the compared to present theof$.74 eV} and to the spectro-
threshold for this transition at 8.810 eV. scopic value(8.810 eVl. The background cross sections
away from resonances in the present calculation are lower
than those of the eight-state calculation. These discrepancies
in the background cross sections are perhaps caused by the
difference in target wave functions used in the two scattering
calculations. There are also differences in the widths and
peaks of resonances caused by the additional coupling to the
higher excited states in the present work. It is clear that the
Yesonances make substantial enhancements in the cross sec-
tions.

‘I’kIA% aijkq_’iuj(r“; bjkby, 2)

where ®; are channel functions formed from the multi-
configurational functions of the target states andare the

radial basis functions describing the motion of the scatterin
electron. The operatdk antisymmetrizes the wave function,

and a;j, and by, are expansion coefficients determined by " pog s of the present 25-staematrix calculation and

Qiagonal_izing the N-+1)-electron Hamiltonian. The_ func- experimental measurements are shown in Figs. 3 and 4 for
tions ¢; in Eqg. (2) are of bound-state type and are included, - 2522p 2P°—.252p? *P intersystem transition and the
for completeness and to allow for short-range correlation 6f2522p 2po_,252p? 2D resonance transition, respectively

fects. The radius of thER'mat”X qu was chosen to be The total error in the experimental data is 1§%70). The
16.4a, to accommodate all nine orbitals. A total of 28 con-
tinuum orbitals were used in each channel so that good con-
vergence was obtained for electron energies of interest. Thi
calculated target state energies were adjusted to the observe
values prior to diagonalization in order to facilitate a more
meaningful comparison of cross section with experiment.
The R-matrix calculations were carried out for partial waves
with L=0-20 using theR-matrix computer packagd47].
These partial waves were sufficient to obtain converged cros;£°
sections for the transitions considered here.

2.00 e
252 2p 2P° — 252p? 2D

1.50

m2)

1.00

G(E) (10~

IV. RESULTS AND DISCUSSION
0.50
Shown in Fig. 2 are results of the present 25-state

R-matrix calculation and the earlier 8-steRematrix calcu-
lation of Luo and Pradhan[7] for the intersystem
2522p 2P°—2s2p? P transition in the energy region be-
tween the*P (8.810 eV} and °D (15.690 eV thresholds.
There is overall good agreement for the two transitions con-
sidered in the present work. There are several Rydberg series F|G. 4. Experimental and theoretically calculated cross sections
of resonances converging to theZp? 2D threshold. The for excitation of the 222p 2P°— 2s2p? 2D transition in G*. Er-
overlapping of these series makes the resonance structuigr bars are total absolute errors at each energy. The solid circles
complicated. The resonance structure in the calculation adnd solid line are experimental and calculated results, respectively.
Luo and Pradhan is shifted to the lower energy side. Thighe arrow indicates the threshold for this transition at 15.690 eV.
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TABLE II. Absolute experimental excitation cross sections for the?2p 2P°—2s2p? *P and
2s?2p 2P°—2s2p? 2D transitions in G*. Threshold energies for th&P°—*P and ?P°—?2D transitions
are 8.810 and 15.690 eV, respectively. Nonzero cross sections below threshold are due to the electron-energy
spread in the primary beam. The unit of cross section is*46n?.

2s?2p 2P°—2s2p? *P transition 2%2p 2P°—2s2p? 2D transition
EnergyE (eV) o(E) EnergyE (eV) o(E)
7.71 0.002 14.1 0.071
7.81 0.033 14.6 —0.082
8.51 0.071 14.7 0.032
8.60 0.119 14.8 0.119
9.00 0.237 15.2 0.051
9.17 0.108 154 0.107
9.38 0.252 15.6 0.302
9.75 0.232 15.7 0.543
9.99 0.503 16.0 0.781
10.2 0.467 16.1 0.653
10.4 0.465 16.4 0.718
10.5 0.329 16.5 0.686
10.6 0.413 16.6 0.714
10.7 0.377 16.8 1.18
10.8 0.238 16.9 1.82
10.9 0.158 171 0.794
10.9 0.240 17.3 0.888
11.1 0.326 172 1.08
11.5 0.251 17.5 0.592
11.7% 0.227 17.6 0.431
11.7% 0.294 18.3 0.572
11.8 0.439 18.2 0.757
12.0 0.652
12.1 0.543
12.2 0.837 18.3 0.731
12.4 0.652 18.5 0.459
12.6 0.721 18.9 0.837
12.7 0.285 19.0 0.607
12.7, 0.295 19.3 0.354
12.8 0.187
13.1 0.219
13.8 0.426
141 0.430
14.3 0.289
14.4 0.201

component errors were: counting statistics; errorg=jrL,  enhancements in the calculation. The widtAE
lo, | ; metastable fraction in the ion beam, correction for thein  the c.m. frame is simply given by AE
overlapping elastic contribution, and correction for overlap-=AEJ1-5.834% 103 (E;/E.)"?] [18]. Here,AE, is the
ping between the two transitions at the energies above thelectron energy widttfull width at half maximunm in the
opening of the?P°—2D transition at 15.690 eY18]. The laboratory frame, an&,, E; are the electron and ion labo-
experimental values are listed in Table II. Each experimentalatory energies, respectively. In the present case fHei@ns
value in Figs. 3, 4, and Table Il is the result of 1-8 measurewere accelerated to an energy of ¢ KeV=21.0 keV, and
ments. hence the broadening expression in terms of the electron
In order to compare experiment and theoretical results daboratory energy ii\E=AEe[1—O.8454EEé/2]. The value
comparable resolutions, the theoretical results were furthesf AE, is measured to be 0.104 eV.
convoluted with an energy-dependent widtk taken from Evidence for the strong resonance enhancement in cross
the experimental measurements. This resulted in a broaderection is clearly seen for each transition. For the lower-
ing of the calculated sharp and densely packed resonancesergy ?P°—“P transition clear enhancements are seen at
structure, nevertheless leaving clearly defined resonandéreshold, in the energy ranges 9.9-10.9, 11.8-12.7, and
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near 14 eV. There is good agreement in energy location dfions of resonances may still be slightly shifted compared to
the calculated and measured structures, consistent with theeasured positions. .

inherent width of the resonances and the error in the electron In summary, there is overall good agreement between ab-
energy scalg0.1 e\). Measurements above 14.4 were af-solute excitation cross section measurements for the
fected by an elastically scattered electron contribution, an@®®" ?P°—“P intersystem transition and thé>°— D reso-

by overlap with the underlyingP°— 2D transition. The cor- Nnance transition; and results of a 25-stRtenatrix calcula-
rection for the elastic scattering contribution to the inelasticion- The agreement extended over energies from threshold

signal, typically in the range 0—20 %nd accurate to about {0 1.6X and 1. threshold, respectively. This allows one to
59%), exceeded that for contribution from the underlyiRg smoothly carry a theoretical calculation from higher energies

—D transition. For example, taking the worst case of the(Where merged-beams and energy-loss measurements are

P— P transition at 19.0 eV, correction for the elastic scatter-10"¢ difficult and calculations relatively easieinto the

ing contribution was 26%; whereas correction for the under:[hreShOId region where the reverse is true. The large range of

lying P—D transition was only 3.7%. Results for the higher- energies is important for mo_deling the large range_of electron
energy and 2P°—2D transition (Fig. 3 again shows temperatures encountered in cool interstellar regions, hotter

resonance enhancement due to multiple, sharp resonancescl‘?\nf'ned fusion plasma, solar corona, and the high-

the range 16.7-17.5 eV. There appears to be a diﬁerenctgmperatures of solar flares and novae.
between experiment and theory, with the experimental maxi-
mum closer to 16.9 eV and calculations peaking near 17.2
eV. This difference could arise frofeither or both the fact J.A.L. thanks the National Academies of Science-National

that the resonance components contributing to the smaklResearch Council for support. S.S.T. was supported by
shoulder at 17.0 eV are actually broader than calculatedNASA Grant No. NAG5-11434 from the Space Astrophysics

hence are more easily resolved in the experiment; or that thResearch and Analysis Program. The experimental work was
main peak at 17.2 eV is calculated to be at an energy 0.2—0&arried out at the Jet Propulsion Laboratory, California Insti-

eV too high. Although the calculated excitation thresholdstute of Technology, and was supported under contract with
have been adjusted to measured values, the calculated posie National Aeronautics and Space Administration.
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