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Experimental cross sections for electron excitation of the 2s 2S˜2p 2P transition in C 31

J. B. Greenwood, Steven J. Smith, and A. Chutjian
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109
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Experimental cross sections are reported for electron excitation of the allowed 2s 2S→2p 2P transition in
C31. Center-of-mass energies are from below threshold~7.00 eV!, through threshold~8.00 eV!, and up to
approximately 1.5 times the threshold~12 eV!. The present results are found to overlap earlier energy-loss data
reported to energies of 8.45 eV. The data are also compared with other optical-emission results for this
dipole-allowed transition and with several theoretical calculations. An ‘‘electronic aperture’’ is described that
allows discrimination against elastically scattered electrons, with their larger Larmor radii, in experiments with
magnetically confined ions or electrons.@S1050-2947~99!10202-6#

PACS number~s!: 34.80.Kw
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I. INTRODUCTION

Electron-impact excitation of the allowed 2s 2S→2p 2P
transition in C31 is a process that is observed frequently
solar@1#, stellar@2#, and interstellar@3# media and laboratory
fusion plasmas@4,5#. In both the astronomical and fusio
environments the 2s→2p transition serves as a useful dia
nostic of electron temperature, emitted power, and opac
Almost all available results on cross sections or collisio
strengths in multiply charged ions~MCIs! are theoretical.
Measurements involving MCIs are therefore needed to p
vide ‘‘ground truth’’ for the calculations. Those theories th
provide good agreement with experiment can then be use
calculate cross sections for transitions that have not or ca
be measured. We present herein measurements of abs
electron excitation cross sections for the 2s→2p transition
in C31. These measurements overlap, near threshold, ea
results using the electron-energy-loss method@6# and at
higher energies several optical-emission measurement
the unresolved resonance doublet 2s 2S1/2→2p 2P1/2,3/2 at
154.8 and 155.1 nm@7–9#. A summary of the experimenta
techniques and the energy-loss method is given in Sec.
Recent modifications to the instrument control and da
acquisition system are explained in Sec. II B. An ‘‘electron
aperture’’~EA! is used to filter elastically scattered electro
from the energy-loss spectrum and is described in Sec.
The present results and a discussion of all data are prese
in Sec. III. Conclusions are given in Sec. IV.

II. EXPERIMENT

A. Energy-loss method

Absolute excitation cross sections for both threshold a
above-threshold excitation of the 2s→2p optically allowed
~dipole! transition in C31 were measured using the new
installed 14.0-GHz electron-cyclotron resonance ion sou
~Caprice! at the Jet Propulsion Laboratory, California Ins
tute of Technology@10–12#. This source is presently con
nected to three separate MCI beam lines dedicated to m
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surements of excitation cross sections, lifetimes
metastable MCI states, and MCI neutral-charge-exchange
ray-emission cross sections@12,13#. The basic experimenta
approach in thee-C31 work was the same as in previou
work on e-S1 scattering@14# and only differences are note
here. A schematic diagram of the Caprice source and
three beam lines may be found in Fig. 1 of Ref.@13#. The
equation relating the experimentally measured paramete
s(E), the final excitation cross section in cm2, is given by

s~E!5
Rqe2F
eI i I eL

U yey i

ye2y i
U, ~1!

whereR is the total signal rate~s21!, q is the ion charge,e is
the electron charge,I e and I i are the electron and ion cur
rents, respectively,ye andy i are the electron and ion veloc
ties ~cm s21!, respectively,L is the merged path length~cm!,
e is the efficiency of the rejection grid–microchannel-pla
detection system~dimensionless!, andF is the overlap factor
between the electron and ion beams~cm2!.

B. Modifications to the data acquisition system

The data acquisition system used in our previous w
was significantly upgraded to allow total computer@personal
computer~PC!# control of the beam modulation, position
sensitive detector~PSD! transfers, stepper-motor control fo
measuring beams profiles with the moving vanes, a
reading/storing of transmitted electron and ion curre
through the vanes. A schematic diagram of the present
tem is given in Fig. 1. Control was through two digital inpu
output boards: one to generate beams chopping voltages
channel gating pulses and a second to accept the PSD’s~x,y!
position and strobe rates, together with the correlated be
chopping channel. A PC output signal was input to hig
voltage pulsing circuitry@15# used to generate moderate
fast ~100-ns, rise time!, high-voltage~100–400 V! modula-
tion pulses to the ion and electron deflection plates. A th
counter-timer board accepted the PSD rate signal, correl
with the chopping channel. Separation of the channels,
1348 ©1999 The American Physical Society
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FIG. 1. Schematic diagram of the PC-based system control and data acquisition flow lines.
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responding to the different beams chopping phases~ABCD;
see Fig. 1!, was important as each channel has a differ
counting rate and hence incurs a different dead time cor
tion. The counter-timer board also controlled the stepper m
tor and received digitized, transmitted electron- and io
beam currents from the vanes’ Faraday cups.

C. Electronic aperture

Elastic electron scattering from the MCIs can be an
welcome addition to the electron-ion inelastic scattering s
nal @13,16#. It has been noted earlier that the trochoidal a
lyzing plates can only separate electrons of differing ax
velocities @17#. Hence two electrons having the same ax
t
c-
o-
-

-
-
-
l
l

velocity ~a low-angle inelastically scattered electron with
high-angle elastically scattered electron! will strike the same
position on the PSD, leading to an ‘‘aliasing’’ of the signa
The elastic-scattering differential cross section increases
proximately asq2 of the MCI. Even for the case ofe-C31

scattering, this corresponds to about a factor of 9 increas
elastic effects relative to a singly charged target. Hence
essential to filter out the elastic component as completely
possible.

When an electron of longitudinal velocityye and massme

is scattered at the laboratory angleq from an ion, the elec-
tron will spiral in the uniform magnetic fieldB along a tra-
jectory of diameterd given byd52meye sinq/eB, with the
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center of the spiral displaced from its starting position by
distanced/2. Since electrons elastically scattered throug
laboratory angleq will in general have larger transverse v
locities compared to inelastically scattered electrons at
q, they will have larger spiral diameters. This difference c
be used to remove these electrons while transmitting the
sired inelastically scattered ones. In experiments by B
et al. @16# a series of fixed, physical apertures was used
remove the elastically scattered electrons. With aperture
diameterD centered on the beam axis, electrons with sc
tering angles greater than someqmax will hit the physical
edge of the aperture and be removed. Here the value ofD is
given byD54meye sinqmax/eB.

It is highly desirable to have an adjustableqmax for a
given scattered electron energy. It should be as small as
sible to block the elastic electrons and yet transmit all ine
tic electrons. The only way to do this with fixed, physic
apertures is to varyB. However, as the whole interactio
region is immersed in this field, all aspects of the prima
and scattered electron beams will be affected. A more fav
able approach is to changeD itself. Setting up a series o
mechanically adjustable apertures, externally controlled in
ultrahigh vacuum system would add complexity to an
ready difficult experiment. As an alternative, we have dev
oped an EA that uses externally adjustable electrostatic
tentials, on an array of poles, to alter the effective cut
diameterD. This array consists of 16 poles with centers on
15-mm-diam circle about the beam axis. Each pole is 2
mm in diameter, 25 mm long, and made of C.P.-grade t
nium. A cross section through the aperture, including eq
potentials, is shown in Fig. 2. The pole array is surround
by a cylindrical shield. In addition, grounded entrance a
exit apertures, each 11 mm in diameter, are provided. Eq
and opposite potentials are placed on adjacent poles. A
result, there is a net cancellation of both the electric poten
and electric field at the center of the array. Electrons trav

FIG. 2. Schematic of the ‘‘electronic aperture’’ used to filt
elastically scattered electrons with the larger Larmor gyroradii. T
end-on view shows 16 rods~dark circles! symmetrically placed
about the merged electron and ion beams~shaded central region!.
Light lines are calculated equipotentials. Equal and opposite po
tials are placed on adjacent rods and unwanted electrons are ej
into the rods or the positively biased shields.
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ing ‘‘sufficiently close’’ to the array axis are therefore und
flected. Electrons having larger Larmor radii~elastic elec-
trons with relatively large velocities perpendicular to t
magnetic-field direction! will make excursions closer to on
of the poles and their trajectories will be dramatically a
fected. These electrons spiral into the rods or into the s
rounding shield. The EA is physically mounted between
last beam-profile vane and the entrance to the analyz
plates@13#.

To quantify these effects we have calculated the elec
field and resulting electron trajectories using theSIMION 3D

field-and-trajectory software code@18#. The calculated elec-
tric field as a function of radial distance from the central a
of the EA, with various potentials placed on the rods,
shown in Fig. 3. As expected, the field rises steeply as
approaches the rods. Samples of severalSIMION-calculated
trajectories of electrons injected into the EA are shown
Fig. 4. Since there is negligible field at the center, electro
with small spiral diameters can pass through unaffected~Fig.
4, top upper!, while electrons with larger energies and
larger distances from the central axis will suffer strong d
viations in their trajectories. These are ejected into the r
or shield ~Fig. 4, bottom!. The spatial extent of the centra
zero-field region can be adjusted. Qualitatively, if an elect
approaches one of thenegativepoles it slows down. This
produces a tighter spiral and a kink in the trajectory. Wh
the electron orbit reenters the null-field region its spiral ce
ter has been displaced. If this displacement is sufficien
large the electron will be channeled out when it approac
an adjacent positive electrode. When an electron approa
a positivepole, its Larmor radius will become expanded a
it will hit either the pole or shield.

In order to understand the transmission properties of
array SIMION was used to launch a series of approximat
2000 trajectories at each of four values of magnetic fie
using starting energies and~polar u and azimuthalf! angles
in the center-of-mass~c.m.! frame. Starting positions were
randomized within a 0.5-mm-diam cylinder to simulate t
merged electron-beam diameter; starting azimuthal an
were also randomized in the interval~0, 2p!. Starting c.m.
energies were randomized within the range 2–20 eV for
polar angles of interest and for different magnetic-fie

s

n-
ted

FIG. 3. Magnitude of the net electric field of the EA as a fun
tion of radial distance from the central axis. Each curve is labe
by the alternate voltages placed on the 16 rods. The center o
rods is at 7.50 mm, with each rod 2.00 mm in diameter.
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strengths. The fraction of starting trajectories passed by
aperture was obtained for different multipole potentials a
function of starting spiral diameterd. The results of trans-
mission are given in Fig. 5 atB52.5 and 5.0 mT. One
clearly sees the cutoff curves moving towards smallerd ~ef-
fective aperture size decreasing! as one increases the magn
tude of the poles potential: The spatial extent of the cen
null field becomes smaller. Also, as one increasesB, the
diameter of the spirals becomes smaller and hence a hi

FIG. 4. Sample electron trajectories for 60° scattering at
indicated electron energies, with6200 V on alternate poles and a
viewed along the multipole or solenoidalB-field axis.

FIG. 5. Fraction of electrons transmitted as a function of
maximum excursion of the electron from the center of the EA
the indicated solenoidal magnetic fields. The alternating poten
for adjacent rods are indicated on each curve. The 16 poles
centered on a radius of 7.50 mm.
e
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electrode potential is needed to eject electrons with
smallerd. It is found in general that the effective apertu
diameter depends only upond andB. In the present geometry
the aperture diameter, as calculated, could be varied in
range 7–12 mm~corresponding to the 10% transmissio
points!.

III. EXPERIMENTAL RESULTS

The methods for data acquisition and data analysis
e-C31 scattering were similar to those used in Ref.@14#.
Care had to be taken to tune the electron and ion be
through the center of the EA while maintaining good spa
overlap over the 20 cm merged length~as measured with the
four rotating vanes! and minimum backgrounds from eac
beam. Ion- and electron-beam currents were typically in
ranges 3–30 and 20–70 nA, respectively. The ion beam
the dominant source of background, with a maximum rate
about 1 kHz/nA. No metastable levels in the primary C31

beam are expected for this Li-like ion. Nevertheless, we u
the beam-attenuation method@14# as a further check to se
that the beam was exclusively in the ground state. Within

e

e
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FIG. 6. SIMION 3D simulations of the action of the electroni
aperture. Shown are 20 trajectories in three cases correspondi
a 9-eV c.m. energy:~a! elastically scattered electron signal with th
EA ‘‘on’’ ~6300 V on alternate rods!; ~b! same as~a!, but with the
EA voltages ‘‘off;’’ and ~c! 1-eV inelastically scattered electron
with EA voltages on, to be compared with~a!. Other notation is as
in @13#: AP, electron analyzing plates; PSD, position-sensitive
tector; EC, electron Faraday cup; and DP, electron deflection pla
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statistical accuracy of the measurements, the fraction
metastable states was found to be less than 5%.

Extensive trajectory calculations were performed at
energies of the data set for elastic and inelastic electr
Operationally, the voltages on the positive and nega
poles were increased to the level where transmission of
inelastically scattered electrons would be impeded. Th
pole voltages result in rejection of most of the large-an
elastic scattering events~depending on the c.m. energy abo
threshold!. Near threshold the EA works well and no elas
electrons are detected. While elastically scattered elect
are transmitted through the EA, they are well separated
the PSD due to their large longitudinal velocity and hen
small drift in the electron analyzing plates~APs!. Illustrative
trajectories are shown in Fig. 6 for three cases correspon
to an incident c.m. energy of 9 eV. In Figs. 6~a! and 6~b! one
has trajectories for elastically scattered electrons, with
EA voltages turned on and off, respectively. In Fig. 6~a!
almost all the trajectories have been eliminated~within the
EA; see trajectories terminating on the poles! due to the fil-
tering. The few remaining transmitted trajectories, cor
sponding to low-angle elastic electrons, do not have su
cient deflection to reach the PSD. Trajectories of
inelastically scattered electrons, with 1-eV residual ener
are shown in Fig. 6~c! at the same EA voltage setting as
Fig. 6~a!. There is no loss of electrons either in the EA or
the PSD. Naturally there are cases further above thres
where the energy-angle separations will result in some o
lap of the elastic and inelastic electrons.

FIG. 7. Experimental cross sections vs c.m. energy for exc
tion of the 2s 2S→2p 2P transition ine1C31. The present energy
loss results are given as filled circles, with full absolute error b
shown at the 90% confidence level~1.7s!. Other results are energy
loss measurements near threshold~open circles with mainly relative
error bars@6#!, optical-emission measurements~filled square with
relative-error bars@9,22# and open triangles with relative-error ba
@7,8#!. The solid line is a Coulomb-Born calculation@23# folded
with 0.17-eV and 2.3-eV FWHM Gaussian electron-energy dis
butions of Ref.@6# and Refs.@7, 8#, respectively. The dashed line
a two-state close-coupling calculation@23# convoluted with a
2.3-eV electron-energy distribution and shifted to the spectrosc
threshold for comparison with measurement. The linked line re
sents results in the nine-stateR-matrix calculation of Ref.@24#, as
digitized from Fig. 2 of that paper and folded with a 0.17-e
electron-energy resolution.
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A subtler rejection effect arises from further displaceme
due to a broader and tilted beam-shear pattern@19# for the
elastic electrons relative to the inelastic electrons. This ar
because large-angle elastic electrons, traveling with lar
Larmor radii than the inelastic electrons, experience a gre
excursion in electric potential within the AP as they exec
their orbital loops. Finally, high- and low-voltage discrim
nation grids in front of the PSD are used to subtract
contributions from higher-energy electrons or possibly so
rays reflected from metal surfaces.

The general pattern emerges that the small numbe
large-angle, elastically scattered electrons transmitted by
EA are effectively dispersed at the PSD. An even sma
number that overlap the region of interest on the PSD
accounted for by the incremental subtraction method@17#. At
each c.m. energy the~x,y! signal at the PSD, consisting of a
the inelastic and a small fraction of elastic electrons, is a
lyzed using the three-dimensional trajectory code. The fr
tional contribution of the elastic signal to the cross sect
s(E) is calculated by multiplying the number of calculate
‘‘hits’’ for a given q by the theoretical DCS at the c.m. ang
u corresponding to the laboratory angleq. This DCS is taken
from accurate calculations of elastic-scattering phase sh
@20#. Thus this method completes four levels of defen
against elastically scattered electrons: trochoidal dispers
electronic aperture, discrimination grids, and different
beam shear.

The present experimental results are given in Fig. 7 a
tabulated in Table I. Errors are given at the 1.7s or 90%

-

s

-

ic
-

TABLE I. Absolute excitation cross sections for the 2s 2S
→2p 2P transition ine1C31.

Energy~eV!a Cross section (10216 cm2)

7.1 20.33b

7.4 20.65b

7.7 0.01b

7.9 0.92b

8.0 4.04
8.1 6.05
8.2 6.72
8.4 7.76
8.5 7.38
8.9 6.80
9.1 6.83
9.2 6.59
9.6 6.95
9.8 6.21
10.0 6.08
10.1 5.48
10.4 6.49
10.6 5.42
10.7 5.71
11.1 5.40
11.6 5.72
12.1 5.25

aThe electron-energy scale is accurate to60.05 eV.
bNonzero values below threshold include effects of the electr
energy spread and statistical errors in the experiment.
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confidence level and total-error bars are shown for each
point. Details of the individual uncertainties may be found
Table I of Ref.@21#. The energy spread in the present data
approximately 175 meV@full width at half maximum
~FWHM!#. Earlier excitation data are also shown in Fig.
These include electron-energy-loss measurements
threshold@6# taken with a stated electron-energy spread
170 meV and optical-emission results@7–9# taken with
broader spreads of 1.7@9# and 2.3@7,8# eV. From the experi-
mental comparisons in Fig. 7 one sees good agreement
threshold~8–8.5 eV! between the two energy-loss measu
ments. Away from threshold~10–12 eV!, where the effects
of the sharp Wigner onset and the varying electron-ene
spreads are less important, there is also good agreemen
tween the present energy-loss results and the results of R
@7, 8#. The results of Ref.@9# have been reanalyzed and we
found to be low by about 6% due to uncollected photons
the multiplier phototube@22#. As such, these data have be
raised by 6% in Fig. 7. While this helps the agreement, th
are lower by about 20% than either present data or o
optical data@7,8# in the ~10–12!-eV energy range, althoug
the difference is approaching the limits of the combin
total-error bars.

There are additionally results from three theories av
able for comparison. These are a Coulomb-Born~CB! calcu-
lation @23#, a two-state close-coupling~2CC! calculation
@23#, and a nine-stateR-matrix ~9CC! calculation@24#. Re-
sults from these three theories are also presented in Fi
with the first two shown at two electron-energy spreads~0.17
and 2.3 eV! for comparison with the energy-loss and optic
emission data, respectively. Agreement among the theo
e

s.
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and the energy-loss experiments at threshold is good. In
~9–12!-eV range the 9CC calculation lies towards the low
range of the present energy-loss data, while agreement o
present data with the 2CC and CB calculations in this ene
range is good. The agreement of the two optical-emiss
experiments with the 9CC calculation is somewhat be
than with the CB or 2CC calculation. The data of Ref.@9#
now lie only about 10–20 % below the 9CC theory, but 2
30 % below the optical and energy-loss data.

IV. CONCLUSIONS

The present energy-loss measurements of absolute ex
tion cross sections for the 2s→2p transition ine1C31 col-
lisions are in good agreement with a previous energy-l
measurement at threshold@6# and above threshold with
optical-emission results of Refs.@7,8#. The present results
above threshold are about 20–30 % higher than the opti
emission data of Refs.@9,22#. The agreement of the prese
results with three theories, a Coulomb-Born calculation@23#,
a two-state close-coupling calculation@23#, and a nine-state
R-matrix calculation@24#, is satisfactory throughout the en
ergy range~8–12 eV! of the present energy-loss measur
ments.
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