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Measurement of electron-impact excitation into the 3p53d and 3p55s levels
of argon using Fourier-transform spectroscopy

J. Ethan Chilton and Chun C. Lin
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

~Received 13 May 1999!

Cross sections for direct electron-impact excitation from the ground level into the 3p55s and 3p53d levels
are measured for incident electron energies from threshold to 200 eV. The optical cross sections for the
3p55s→3p54p and 3p53d→3p54p emissions yield the apparent excitation cross sections. The cascade cross
sections are obtained by measuring the emission intensities for transitions into 3p55s and 3p53d from the
higher levels, and are subtracted from the apparent excitation cross sections to give the direct excitation cross
sections. Most of the emission lines are in the infrared region, requiring the use of Fourier-transform spectro-
scopic techniques. The general trends of the cross-section results are discussed. Excitation cross sections for
the 3p54 f levels are also reported. Because our experiments do not extend to the vacuum ultraviolet, the direct
excitation cross sections for the levels optically connected to the ground state were not obtained.
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I. INTRODUCTION

Electron-impact excitation of argon is a process of inter
in the fields of lasers, plasma processing, and lighting te
nology. Cross sections for the various excitation channels
needed for accurate modeling of plasmas and for plasma
agnostic measurements. These cross sections are gen
determined using the optical method, wherein the intensit
emissions from excited atoms is measured at a known ato
density and incident beam flux using photomultiplier tub
~PMT!. For rare-gas atoms such as argon, many of the l
lying excited levels emit infrared~IR! radiation, which is
difficult to detect using conventional dispersive spect
scopic techniques. Semiconductor detectors, which ope
in the IR regions, have low detectivity and signal-to-no
ratios that make them unfeasible to use with monochro
tors. The large number of narrowly spaced emission li
also makes the use of narrow-band optical filters impracti
Previous work in our lab@1–3# has demonstrated the utilit
of the Fourier-transform spectrometer~FTS! in weak emis-
sion IR experiments such as these. The FTS combines a
throughput with the ability to simultaneously acquire data
all lines within a large spectral region, allowing us to inve
tigate IR atomic transitions.

Figure 1 shows an argon energy level diagram. The fi
excited configuration, 3p54s, has been previously studie
@4,5#. Emissions out of the next configuration, 3p54p, pro-
duced by electron impact, lie in the visible spectral reg
and have been extensively studied@6,7#. However, the
3p53d→3p54p and 3p55s→3p54p transitions, which are
important contributors to the 3p54p population through ra-
diative decay, are all infrared. In a previous paper@1# we
described the use of the FTS technique to measure t
transitions. By subtracting these IR contributions to t
3p54p population from the total population provided by th
observed 3p54p→3p54s excitation cross sections, the cro
sections for direct electron-impact excitation into the 3p54p
levels were determined and reported in Ref.@1#.

Studies of the cascades into the 3p54p levels have also
PRA 601050-2947/99/60~5!/3712~10!/$15.00
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resolved the puzzle of certain unusual pressure effects in
excitation of rare gases. It has been known that the meas
optical ~and apparent! cross sections for the 3p54p
→3p54s emission lines vary significantly with the gas pre
sure, even at pressures as low as 1 mTorr.~For the corre-
sponding emission cross sections of Xe, this pressure de
dence sets in at 0.1 mTorr.! The 3p54p levels are not
optically connected to the ground state. At first sight, we
not expect the kind of pressure dependence associated
excitation into optically allowed levels arising from radiatio
trapping. Another cause of the pressure dependence is c
sional excitation transfer, but its effects are expected to
minimal at these low pressures. This anomaly was resol
by the measurements of the cascade cross sections fo
various transitions into the 3p54p levels. The total cascad
cross sections are found to have the same pressure de
dence as the apparent cross sections, so that when the fo
is subtracted from the latter, the resulting direct excitat
cross sections are independent of the pressure@1#. Excitation

FIG. 1. Argon energy-level diagram in units of eV. Configur
tion notation for the excited manifolds is listed at the bottom. W
refer to individual levels within a manifold with Paschen’s notatio
3712 ©1999 The American Physical Society
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cross sections for the optically allowed levels (3p5ns and
3p5nd with J51) have an intrinsic pressure dependence
to radiation trapping. This pressure dependence propag
to other levels through successive cascades. For an opti
nonallowed level, the pressure dependence of the appa
excitation cross sections is entirely from cascade. To de
mine the direct excitation cross sections, the choice of p
sure is not critical so long as both the apparent and cas
cross sections were measured at the same pressure. S
measurements of the cascade radiation into the 5p56p levels
of Xe have been made@2#. With the proper cascade subtra
tion, the direct excitation cross sections for the Xe(5p56p)
levels are shown to be independent of the pressure, in s
of the extraordinarily strong pressure dependence of the
parent cross sections@2#.

In this paper, we study electron-impact excitation of t
3p53d and 3p55s levels. Measurements of the infrare
3p53d→3p54p and 3p55s→3p54p emissions furnish the
total population of the 3p53d and 3p55s levels. However, to
determine their direct electron-impact excitation cross s
tions, one must correct for the population due to radiat
cascade. The latter is found by measuring the emission
tensities of the transitions into 3p53d and 3p55s from the
higher levels. These transitions have wavelengths as hig
6 mm, at which the detectors are much less sensitive c
pared to the region around 1.6mm. Lock-in detection is in-
corporated into our FTS system to improve the sensitiv
The cross sections for the 3p53d and 3p55s levels so ob-
tained, along with results of the 3p54s and 3p54p reported
earlier, constitute a comprehensive set of excitation cr
sections needed for a basic quantitative understanding o
electron-atom processes, and a data basis for technolo
applications in such areas as plasmas, discharges, and
ing.

A caveat concerning our particular experiments should
made. TheJ51 levels in the 3p53d and 3p55s configura-
tions are optically coupled to the ground state and emit in
deep ultraviolet~UV! at 86–89 nm. Because our apparatus
not designed to operate below 220 nm, we could not acq
data on the 3p55s and 3p53d resonance lines. As we dis
cussed in our previous paper@1#, these lines experience re
absorption of emitted photons. The effective branching fr
tions for the unmeasured 3p55s and 3p53d resonance
emissions are pressure-dependent and cannot be determ
by using just the oscillator strengths of the emission lin
from the resonance levels. We therefore do not report c
sections for these levels. We do provide apparent excita
functions for these levels and discuss their general feature
Sec. IV.

II. OPTICAL METHOD

We employ the optical method to determine electro
impact excitation cross sections. This method has been m
extensively reviewed elsewhere@8#, and will be discussed
here only briefly.

Consider an electron beam of currentI traversing a gas o
number densityn0. Some of the atoms will be excited t
level a, and then decay to lower levelb, emitting a photon. If
we measure the number of photons emitted per unit time
unit beam length,Fab , then we may define anoptical emis-
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sion cross sectionfor the a→b transition:

Qab
opt5

Fab

~ I /e!n0
, ~1!

wheree is the electronic charge. The sum of all optical cro
sections for emission out of a level into all the lower levels
termed theapparent cross section, and the sum of all optica
cross sections for emission into a level out of all the high
levels is termed thecascade cross section:

Qa
app5 (

b,a
Qab

opt, Qa
casc5 (

c.a
Qca

opt. ~2!

The direct electron excitation cross section is then equa
the difference between the apparent and cascade cross
tions:

Qa
dir5Qa

app2Qa
casc. ~3!

To obtain the apparent excitation cross sections,
3p55s→3p54p ~0.9–1.4 mm) and 3p53d→3p54p ~0.9–
1.5 mm) transitions are used. For cascades into the 3p55s
levels, transitions from the 3p55p, 3p56p, and 3p57p con-
figurations~2–6 mm, 1.1–1.6mm, and 0.9–1.2mm respec-
tively! are within the range of our FTS, whereas transitio
from the higher configurations can be studied using
PMT/monochromator system@1,8#. Similarly, combination
of the FTS and the PMT/monochromator system covers
the cascade radiation into the 3p53d levels.

III. EXPERIMENTAL APPARATUS

A. Collision chamber

The argon atoms studied in the experiments compris
static gas target contained in a stainless-steel collision ch
ber. A diffusion pump~700 liters/s! evacuates the chamber t
a base pressure of 1028 Torr. An ion pump is used to main
tain vacuum when the experiment is not in use. During d
acquisition, the vacuum pumps are valved off and the cha
ber filled with research grade argon to the desired press
A getter pump eliminates any remaining contaminants. T
pressure is recorded with a capacitive manometer. Figu
shows the layout of the experiment.

The electron gun is attached to one of the collision cha
ber’s ConFlat end flanges. It consists of an indirectly hea
BaO cathode, with multiple electrostatic focusing and acc
eration grids, producing an electron current between 200
500mA over energies of 10 to 250 eV. The beam is appro
mately 3 mm in diameter with an energy resolution of abo
0.6 eV ~full width at half maximum!. A deep Faraday cup
collects the electrons, and the current is recorded by a dig
multimeter. A control grid is placed directly in front of th
cathode. By supplying a large 1 kHz square wave to t
grid, the electrons can be deflected from the gun, modula
the electron beam so that a lock-in detector may be e
ployed. Detecting this modulated signal also allows us
remove the signal due to scattered photons from the hot c
ode.

A slit in the Faraday cup allows the radiation to emer
and pass through a CaF2 window on the side of the chambe
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3714 PRA 60J. ETHAN CHILTON AND CHUN C. LIN
An off-axis parabolic mirror collects the light and sends
collimated beam into the FTS.

B. FTS and detection electronics

A FTS is a Michelson interferometer, consisting of a fix
and moving mirror and a self-compensating beamsplitter@9#.
Light entering the spectrometer is split into two beam
which are reflected by the two mirrors, then recombined a
detector. The signal intensity is recorded as a function
displacement of the moving mirror, resulting in an interfer
gram that can be Fourier transformed to yield a spectr
The displacement of the moving mirror is detected by a 6
nm ~15 798 cm21) He-Ne laser, following the same optica
path, and a laser photodetector, which detects the fringe
the laser interference pattern. The number of data points
lected to produce the interferogram depends on the wa
length range of the detector. If the detector is sensitive
radiation between 15 798 and 7899 cm21, two data points
must be collected per laser cycle~once per each minimum a
the laser detector!, to prevent aliasing of radiation from
shorter to longer wavelengths of the spectrum, accordin
the Nyquist criterion@9#. Below 7899 cm21, it is sufficient to
collect one point per laser cycle.

The FTS used in this experiment is a Nicolet Magna-8
spectrometer. KBr windows allow the infrared radiatio
from the chamber to enter the device. Two different bea
splitters were used in the experiment. A quartz beamspl
was used for near-IR work, and a KBr beamsplitter
longer wavelengths. Three detectors were employed. A t
moelectrically cooled InxGa12xAs detector covered the 0.9
1.6 mm region, with the quartz beamsplitter. A liquid
nitrogen-cooled InSb detector was used for 1.3–2.7mm,
with the KBr beamsplitter, and a second longer-wavelen
InSb detector for the 2.6–6mm range. The signal from the
detectors is fed to a digital lock-in amplifier, tuned to the
kHz modulation frequency of the electron beam.

FIG. 2. Experimental layout. Radiation from excited atom
emerges from the chamber through the window,W, and is reflected
off mirror M1 into the FTS. The light passes through the beamsp
ter ~B! and is reflected off the fixed and moving mirrors,M2 and
M3. The interference pattern is focused by mirrorM4 onto the
detector,D. Mirror M1 can be rotated to observe the output of
calibrated blackbody source (S), through a compensating window
W8.
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The FTS was run in step-scan mode. For a spectral re
lution of 2 cm21, the moving mirror needs to travel a tota
displacement of 5 mm. For the InxGa12xAs detector, with a
spectral range of 12 000–5900 cm21, two data points need to
be taken per laser cycle, for a total of 15 798 position poi
of the moving mirror to generate an interferogram. The m
ror is moved until the laser photodetector senses a null in
interference pattern, and is then stopped. After resting
five times the lock-in amplifier’s time constant, the demod
lated signal from the lock-in at that mirror position is r
corded as the interferogram data point. The mirror is th
stepped to the next position. For the InxGa12xAs detector
with a 10 ms lock-in time constant and 50 ms of data
corded at each position, the data collection time was appr
mately half an hour per interferogram. For the InSb det
tors, which do not see above 7899 cm21, only one data point
need be recorded per laser cycle. However, these dete
have a lower detectivity than the InxGa12xAs, so a time con-
stant of 100 ms, with 200 ms of data collected per positi
was used, for a total data collection time of approximat
1.5 h per interferogram.

Once the interferogram is recorded, the FTS softw
computes the Fourier transform, using Happ-Genzel apod
tion and power spectrum phase correction. The result is
unnormalized spectrum of peaks corresponding to the v
ous atomic transitions.

C. Calibration

To transform between the peak heights recorded by
FTS and normalized cross sections, two separate calibrat
must be performed. First, the heights of the peaks mus
adjusted to allow for the transmission of the various opti
elements and the quantum efficiency of the detector. To
this, the parabolic mirrorM1 ~in Fig. 2! is rotated 180° and
the output of a calibrated blackbody source~S! is sent into
the FTS. A CaF2 window, identical to that on the collision
chamber, is placed in the beam path for compensation.
spectrum recorded by the FTS is then divided by the th
retical blackbody curve. The result is an instrument respo
function for the particular detector/beamsplitter combinatio
Now, each electron excitation spectrum can be divided
this response function to yield a corrected spectrum in wh
the height of each peak is proportional to the number
photons emitted in the particular transition.

Dividing the peak heights by the electron beam curr
and pressure yields a number proportional to the cross
tions, as defined in Eq.~1!. To place these relative numbe
on an absolute scale, we must perform a bridging calibrat
Our previous paper@1# detailed the use of a monochromato
PMT system to determine the absolute cross section of
2p10→1s5 ~Paschen’s notation! transition in argon. This line
lies at 912.3 nm, and is visible in both a PMT~S-1 photo-
cathode! and the InxGa12xAs detector. All lines in the
InxGa12xAs region can now be ratioed to the 912.3 nm li
and thus be placed on an absolute scale. The spectrum
lines observed in the InSb detector can likewise be ab
lutely calibrated by ratioing them to lines in the overlap r
gion ~1.3–1.6mm) between the InSb and InxGa12xAs detec-
tors.

-
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In connection to the radiometric calibration, it is nece
sary to check the anisotropy of the radiation. For this purp
we placed a polarizing filter into the beam path in order
determine the amount of polarization of the emission lin
The electron excitation signal was examined with the po
izer oriented in both the parallel and perpendicular positio
The ratio of these signals was compared to the respons
the detector to an unpolarized broadband source with
polarizing filter in the same orientations. We find the pol
ization factorP of emissions from the 3p54p, 3p55s, and
3p53d levels to be too small~generally less than 16%!,
across all energies studied. Since the polarization correc
introduces only a factor of (12P/3) to the cross sections
the anisotropy of the radiation amounts to no more than a
correction@8#, which is less than the statistical uncertainty
our measurements.

D. Data acquisition

Data were acquired at an argon pressure of 6 mTorr.
citation functions were collected between onset and 200
by recording several spectra using the method describe
Sec. III B. Peak heights were then extracted and average
each transition, and divided by the electron beam current
pressure. The results were calibrated as described abov

Some transitions with wavelengths within our spectral
tection range were not observed, owing to their small cr
sections. By observing the amplitude of noise recorded
that spectral region, it is possible to place an upper bound
the size of the transition. These upper bounds formed ne
gible contributions to the total cascade cross sections.

The spectral region studied in this experiment includes
1.4 mm and 4.3mm CO2 and 1.9mm and 2.7mm H2O
molecular absorption bands. Radiation emitted from the c
lision chamber passes through approximately one mete
air before entering the spectrometer. Absorption of the in
radiation by CO2 and H2O is accounted for by the blackbod
calibration procedure described in Sec. III C. To ens
proper calibration of the few lines in the CO2 and H2O ab-
sorption region, the relative humidity and temperature in
lab were monitored, and the calibration procedure repea
in the case of variations. The relative uncertainties of th
lines have been adjusted accordingly.

In our previous work@1#, we demonstrated the importanc
of resonance radiation reabsorption as a population me
nism for the excited states of argon. Increasing argon p
sure tends to increase the optical cross sections, as defin
Eq. ~1!. Hence, it is vital to realize that theapparentcross
sections quoted in this paper are correct only for the pres
at which data were acquired~6 mTorr!, and may vary with
pressure. As explained in Sec. I, both the apparent and
cade cross sections must be measured at the same pre
and the resultingdirect electron-impact excitation cross se
tions are independent of pressure. We choose our pressu
6 mTorr so as to optimize the emission signal at waveleng
above 2mm ~because of the low sensitivity of InSb!, while
keeping the pressure low enough to maintain proper focu
of the electron beam.

At each pressure and energy studied, several step-
runs were taken. The extracted peak heights for each tra
tion were then averaged, providing statistical error bars
-
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each data point. The absolute calibration procedure@1# is
estimated to have a systematic uncertainty of around 1
The systematic uncertainty in the FTS data, due to the c
bration procedure, pressure, and current measurement, i
timated to be 15%. For each measurement, we quote a c
bined statistical and systematic uncertainty. Because
direct cross sections are calculated as the difference betw
two other measurements@Eq. ~3!#, it is possible that small
percentage error bars on the apparent and cascade cros
tions can produce relatively large percentage error bars
the direct cross sections, particularly if the cascade and
parent are close in magnitude.

IV. RESULTS AND DISCUSSION

Interpretation of the electron-impact excitation cros
section data of the heavier rare gases is facilitated by ut
ing the well-established results of helium with modificatio
to account for deviations from theL-S coupling. Further-
more, each excited configuration of the typen8p5nl contains
numerous levels, and the cross sections of these levels
related to theirJ values in a fundamental way. In this sectio
we first summarize the general principles derived from ba
theoretical considerations. Our experimental results are t
presented and analyzed based on these principles.

A. General principles

1. Shape of the excitation functions

In the case of helium, excitation from the ground lev
11S to the optically allowed levelsn1P is characterized by
large cross sections and a broad peak in the excitation fu
tion ~cross section versus incident electron energy!. For the
singlet levels not optically connected to the ground lev
such asn1S andn1D, the cross sections are smaller and t
excitation functions are less broad in comparison with
n1P levels. Most striking is the case of spin-changing ex
tation, i.e., from 11S to n3L, in which the excitation func-
tions exhibit a sharp peak near the energy threshold@10#.

For the heavier rare-gas atoms, the ground s
1s22s2

•••n8p6 is a 1S0 level, but most of the excited state
do not conform to theL-S coupling, so that the designatio
of spin-multiplicity is not always valid. Nevertheless, on
can always express the excited-state wave functions as li
combinations of theL-S eigenfunctions, which one can co
relate with the rules in the preceding paragraph. For insta
the Ar(3p53d) configuration yields the followingL-S terms:
1P1 , 3P0 , 3P1 , 3P2 , 1D2 , 3D1 , 3D2 , 3D3 , 1F3 , 3F2 ,
3F3, and 3F4. To allow for deviation from theL-S coupling,
one regards each level in this configuration as a superp
tion of the L-S terms. SinceJ is always a good quantum
number, such mixing is limited toL-S terms of the sameJ.
Thus, theJ50 andJ54 levels of the 3p53d configuration
are purely triplet states (3P0 and 3F4, respectively! and their
excitation functions are expected to be sharply peaked n
the threshold. The 3p53d configuration contains also thre
levels with J53 ~superpositions of1F3 , 3F3, and 3D3),
four levels with J52 ~superpositions of1D2 , 3D2 , 3P2,
and 3F2), and three levels withJ51 ~superpositions of1P1 ,
3P1, and 3D1). Since these ten levels all contain a sing
component in theL-S superposition, excitations from th
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3716 PRA 60J. ETHAN CHILTON AND CHUN C. LIN
ground level (1S0) into theJ53, J52, andJ51 levels gen-
erally show broader excitation functions compared to exc
tion into the J50 and J54 levels, which have no single
components. Moreover, theJ51 levels contain the1P1
term, which is optically connected to the ground level. Th
the excitation functions of theJ51 levels should, in genera
have the broadest peaks. Exceptions to the above rules o
if the singlet component of a particular level is very small,
will be discussed in Sec. IV B.

2. Magnitudes of the cross sections

A simple, useful picture to describe the qualitative fe
tures of excitation cross sections is to regard the excita
process as an absorptionlike transition induced by the e
tromagnetic field associated with the incident electron. T
field can be decomposed into the monopole (k50), dipole
(k51), quadrupole (k52), etc. components. Excitatio
from the ground state of helium into then1S, n1P, andn1D
levels can be associated with the monopole, dipole,
quadrupole fields, respectively. This multipole field pictu
addresses the effect of Coulomb interaction in electron e
tation, but does not allow for electron exchange. Con
quently, it is not applicable to spin-changing excitations li
11S→n3L. The multipole-field analysis has been succe
fully applied by Purcell@11# to calculate the hydrogen 22S
→22P transition induced by collisions with electrons an
ions.

Application of this multipole-field picture to argon ha
been made to discuss the cross sections for excitation
the 3p54p levels from the metastable levels (3p54s, J50
and 2! and their relation to the cross sections from t
ground level @12#. In this paper we further extend th
multipole-field analysis to excitation from the ground lev
(3p6 1S0) to the 3p53d levels. Since we are dealing with
transition from 3p ( l 51) into 3d ( l 52), only the dipole
(k51) and octopole (k53) components of the multipole
field are operative. With the dipole field, it is possible
excite the ground level (J50) into a level with J51,
whereas the octopole field leads to excitation intoJ53 lev-
els. Excitations from the ground state into the levels withJ
50,2,4 do not satisfy the ‘‘selection rules’’ fork51 andk
53 and must proceed through higher-order processes an
electron exchange. Thus, at ‘‘high’’ energies, where the
change effects are small, excitations from the ground s
into the 3p53d levels with oddJ, in general, are favored ove
excitations into the even-J levels. Again, exceptions to th
above rule may occur if any one of the 3p53d levels with
J51 or J53 has a very small singlet component, resulti
in a reduction of the cross section below those of the eveJ
levels.

On the other hand, if we consider excitation into t
3p54p configuration~in place of 3p53d), the 3p6→3p54p
(3p to 4p transitions! entails only the monopole (k50) and
quadrupole (k52) members of the multipole field. Th
monopole component leads to the 3p6, J50→3p54p, J
50 excitation and the quadrupole component to 3p6, J50
→3p54p, J52. In this case, we should find the even-J lev-
els to have larger cross sections than the odd-J levels. This is
indeed confirmed experimentally@1#. The reversal of the
even/odd ordering from 3p53d to 3p54p is due to the oppo-
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The multipole picture can be recast into a more form

quantum-mechanical analysis@13#. Here we describe then
atomic electrons byrW j (r ju jf j ) and the incident electron by
r 8W (r 8u8f8). The atom is excited from the initial stat
c i(Ji urW1 , . . . ,rWn) into the final statec f(Jf urW1 , . . . ,rWn) of to-
tal angular momentaJi andJf , respectively. Let us conside
only the Coulomb interaction of the incident electron wi
the atom and neglect the exchange interaction. The c
sional coupling potential between the initial and final atom
states,Cf i(r 8W ), is

Cf i~r 8W !5E c f* ~Jf urW1 , . . . ,rWn!

3S (
j

e2

ur 8W2rW j u
D c i~Ji urW1 , . . . ,rWn!drW1 . . . drW2 .

~4!

For our application, the initial state is 3p6 with Ji50 and the
final state is 3p53d with Jf ranging from 0 to 3. Imagine tha
we constructc i andc f from the one-electron orbitals for th
two configurations involved, and expand the Coulomb int
action by spherical harmonics as

1

ur 8W2rW j u
5

1

r .
(
k,m

4p

2k11 S r ,

r .
D k

Ykm~u jf j !Ykm* ~u8f8!,

~5!

where r , and r . are the lesser and greater ofr 8 and r j ,
respectively. Since the active electron moves from 3p into
3d ( l 51→ l 52), only thek51 andk53 terms in Eq.~5!

FIG. 3. Optical excitation functions for the threeJ51 3p53d
levels (3s18 , 3d2 , 3d5) and twoJ51 3p55s levels (2s2 and 2s4)
studied. The twoJ51 3p56s levels (3s2 and 3s4) are shown for
comparison. Each plot has been scaled to a maximum height of
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FIG. 4. Apparent, cascade, an
direct excitation functions for the
3p55s and 3p53d levels. Error
bars represent combined statistic
and systematic uncertainties. Th
apparent and cascade cross se
tions are measured at a pressure
6 mTorr. See the last paragraph o
Sec. III D.
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survive upon using Eq.~4! to integrate over the electro
coordinates. This reduces the coupling potentialCf i into a
mixture of integrals of triple products like
c f* Yk51,m(u jf j )c i andc f* Yk53,m(u jf j )c i . Sincec f , Ykm ,
and c i are eigenfunctions ofJ corresponding toJ5Jf , J
5k, andJ5Ji50, respectively, all the above triple-produ
integrals, and thereforeCf i , vanish unlessJf51 or Jf53.
To the first approximation, excitation cross sections are
tained from the corresponding coupling potential. Thus i
possible to excite theJ51 and J53 levels via first-order
Coulomb interaction, whereas excitation into theJ50,2, or 4
levels would require electron exchange interaction o
higher-order Coulomb process in which the initial and fin
states are coupled through intermediate states. At ‘‘hig
incident electron energies where the exchange interac
contributes insignificantly to the excitation cross sectio
-
s

a
l
’’
n
,

excitation into the odd-J levels of the 3p53d configuration
generally should have larger cross sections than the evJ
levels.

B. The 3p53d, J51 levels

The apparent excitation functions for the three levels w
J51 of the 3p53d configuration (3s18 , 3d2, and 3d5) are
shown in Fig. 3. For the 3s18 and 3d2 levels, we indeed see
broad maximum near 80 eV characteristic of excitation in
an optically allowed level. The 3d5 excitation function, how-
ever, exhibits a sharp peak near the threshold in contras
what we expect for a 3p53d, J51 level. To understand this
anomaly, an intermediate-coupling calculation of the wa
functions@14# for all the levels of the 3p53d configuration
has been performed@15#. The wave functions of the threeJ
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TABLE I. Direct electron-impact excitation cross sections in units of 10219 cm2. The uncertainty is
combined statistical and systematic.

J peak 30 eV 40 eV 50 eV 75 eV 100 eV

2s3 0 5.461.1 3.360.7 1.960.5 1.160.4 0.2360.23 0.1560.15
2s5 2 2466 1463 7.862.2 4.861.7 1.761.1 0.9460.86
3d6 0 8.661.6 6.061.0 3.660.6 1.660.3 0.5660.15 0.2660.10
3d19 2 2366 1463 7.462.4 3.261.8 0.7520.75

11.1 0.1920.19
10.94

3d3 2 2566 1864 1063 3.361.8 0.5060.45 0.4060.40
3s19 2 1162 7.361.4 4.561.0 2.360.7 0.4460.38 0.0520.05

10.28

3s1-8 2 1463 8.461.6 4.661.1 2.260.8 0.4260.41 0.1860.18
3d18 3 5.362.3 5.362.3 5.162.0 4.661.9 3.761.5 3.061.2
3d4 3 1665 1163 6.962.2 3.361.9 1.861.1 1.361.1
3s1- 3 9.262.2 8.162.0 6.661.6 5.561.3 3.760.9 3.060.7
3d48 4 3468 1964 1063 3.461.8 0.5620.56

11.0 0.2120.21
10.75
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51 levels of 3p53d are linear combinations of the1P1 ,
3P1 , 3D1 eigenfunctions. The weightings of the1P1 com-
ponent in the 3s18 , 3d2, and 3d5 wave functions are 57%
42%, and 0.09%, respectively. This explains the sharp p
in the excitation function of the 3d5 level, as it is almost a
purely triplet level because of the very small1P1 compo-
nent.

We have measured the optical emission cross section
all the 3p53d→3p54p emission lines. The threeJ51 levels
also decay into the ground level. These UV emissions are
measured in our experiments. Because of radiation trapp
the effective branching fractions of the unmeasured tra
tions at the pressure of our measurements are not kno
This has prevented us from determining the apparent ex
tion cross sections~hence also the direct excitation cross se
tions! of the 3s18 , 3d5, and 3d2 levels.

C. The 3p55s, J51 levels

The 3p55s configuration contains four levels. The twoJ
51 levels (2s2 and 2s4) are superpositions of the1P1 and
3P1 L-S terms, whereas the other two are purely triplet le
els, 3P0 (2s3) and 3P2 (2s5). The 2s2 and 2s4 levels are
optically connected to the ground level (1p0 in Paschen’s
notation!, so that the effective branching fractions of th
2s2→1p0 and 2s4→1p0 channels are strongly influenced b
ak

for

ot
g,
i-
n.
a-
-

-

radiation trapping. As with the case of the 3s18 and 3d2 levels
discussed in Sec. IV B, we are unable to obtain the appa
excitation cross sections of the 2s2 and 2s4 from our mea-
sured optical cross sections for the 3p55s→3p54p emission
lines.

Our measurements of the optical cross sections for
2s2→2p3 and 2s4→2p8 emissions yield the shape of th
apparent excitation functions of the 2s2 and 2s4 levels,
shown in Fig. 3. In both curves the peak immediately abo
the energy threshold appears to be in contradiction with
broad maximum near 80 eV that is expected of optica
allowed levels. A close examination of the 2s4 curve, how-
ever, reveals a possible broad shoulder structure near 80
The 2s2 and 2s4 levels receive cascade from the 3p5np
levels, which have excitation functions peaking at about
eV. Thus, the peak at 20 eV in the 2s4 function may be the
result of cascade superimposed on the direct excitation c
ponent, which has the usual broad maximum at 80 eV. T
same applies also to the 2s2 level, since its apparent excita
tion function can be decomposed into a curve with a pea
20 eV plus one with a broad maximum at 80 eV. For co
parison, we include in Fig. 3 the apparent excitation fun
tions for the 3s2 and 3s4 levels ~the two J51 levels from
3p56s). Here the broad maximum is the prominent featu
The sharp peak near the threshold is much reduced comp
TABLE II. Apparent, cascade, and direct cross sections at 40 eV and 6 mTorr in units of 10219 cm2. The
final column lists the percent contribution of the 3p5n f transitions to the total cascade.

J Apparent Cascade Direct n f Cascade

2s3 0 3.060.9 1.160.3 1.960.9
2s5 2 1464 5.962.0 7.862.2
3d6 0 4.461.5 0.8160.24 3.660.6 0%
3d19 2 1464 6.763.0 7.462.4 37%
3d3 2 1663 6.362.2 1063 58%
3s19 2 6.561.9 2.061.6 4.561.0 13%
3s1-8 2 6.961.8 2.360.9 4.661.1 48%
3d18 3 1262 6.461.9 5.162.0 69%
3d4 3 1364 6.362.2 6.962.2 59%
3s1- 3 1062 3.660.9 6.661.6 30%
3d48 4 1665 5.962.4 1063 84%



e

PRA 60 3719MEASUREMENT OF ELECTRON-IMPACT EXCITATION . . .
FIG. 5. Apparent excitation functions for th
3p54 f levels.
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to the 2s2 and 2s4 levels, indicating a much smaller percen
age contribution of cascade to the apparent excitation c
section.

D. 3p53d and 3p55s levels with JÞ1

For all levels of the 3p53d and 3p55s configurations with
JÞ1, the only decay channels are the radiative transiti
into the 3p54p levels. From the optical emission cross se
tions of these transitions that we measured, the apparen
citation cross sections are obtained. We have also meas
the optical emission cross sections for transitions into
3p53d and 3p55s levels from the levels above them in ord
to determine the cascades. Most of the cascade into
3p55s levels is found to originate from the 3p55p ~2–6
mm), 3p56p ~1.1–1.6mm), and 3p57p ~0.9–1.2mm) con-
figurations. For the 3p53d levels, the cascade is predom
nantly due to the 3p55p and 3p56p levels~1.0–3.2mm) as
well as the 3p54 f ~1.1–1.6mm) and 3p55 f ~0.9–1.1mm)
levels. The total cascade is then subtracted from the appa
excitation cross section to give the direct excitation cr
section for each level.

Figure 4 summarizes the results of the apparent, casc
and direct cross sections for theJ50 and J52 levels of
3p55s (2s3 and 2s5), and theJ50 level (3d6), the J54
level (3d48), the J52 levels (3d19 , 3d3 , 3s19 , 3s1-8), and
ss
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red
e
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ent
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de,

J53 levels (3d18 , 3d4 , 3s1-) of 3p53d, over the energy
range from threshold to 200 eV. Let us first focus on t
shape of the direct excitation functions. The 2s3 , 2s5 , 3d6,
and 3d48 levels have purely triplet character. Excitation in
these levels is entirely due to electron exchange and t
excitation functions indeed have a sharp peak followed b
steep decline with increasing electron energy. More qua
tatively, the excitation functions for these levels are expec
to exhibit anE23 dependence at high energies if one ado
the Ochkur approximation@16# to the Born theory. It should
be interesting to see if our experimental data conform to
energy relation. For the four purely triplet levels, the dire
excitation cross sections at high energies are small and w
obtained as the difference between much larger quanti
i.e., the apparent and cascade cross sections. As a resu
have relatively large error bars on the direct excitation cr
sections at high energies, as can be seen in Table I. W
the experimental uncertainties, energy dependences ofE2n

with n ranging between 2.0 and 3.5 are all consistent with
high-energy cross sections for the purely triplet levels.

The 3d19 , 3d3 , 3s19 , and 3s1-8 levels (J52) have a par-
tial singlet character (1D2), but they do not connect to th
ground level through thek51 andk53 multipole ‘‘selec-
tion rules’’ ~or theseJ52 levels have no direct collisiona
coupling with the ground level via Coulomb interaction! as
TABLE III. Comparison of our cross-section results with those of Ref.@17#. Units are 10219 cm2.

This work Ref.@17# This work Ref.@17# This work Ref.@17#

J peak peak 30 eV 30 eV 50 eV 50 eV

2s3 0 5.461.1 3.77 3.360.7 1.81 1.160.4 0.26
2s5 2 2466 22.2 1463 10.8 4.861.7 1.52
3d6 0 8.661.6 24.2 6.061.0 16.7 1.660.3 2.70
3d19 2 2366 19.7 1463 10.1 3.261.8 1.50
3d3 2 2566 99.3 1864 65.2 3.361.8 10.7
3s19 2 1162 14.4 7.361.4 7.68 2.360.7 1.08
3s1-8 2 1463 17.3 8.461.6 9.00 2.260.8 1.31
3d18 3 5.362.3 13.4 5.362.3 9.66 4.661.9 5.04
3d4 3 1665 31.6 1163 19.0 3.361.9 6.42
3s1- 3 9.262.2 17.2 8.162.0 11.4 5.561.3 4.80
3d48 4 3468 58.2 1964 31.7 3.461.8 4.76
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explained in Sec. IV A. Excitation into theseJ52 levels
must involve a ‘‘higher-order’’ Coulomb interaction and/o
electron exchange. The excitation functions of these lev
however, are rather similar to those of theJ50 andJ54
levels, which are excited by exchange interaction only.
other words, the higher-order Coulomb interaction appe
not to have much influence over the exchange interaction
the shape of the excitation functions of these four levels

TheJ53 levels contain the1F3 singlet component which
connects with the ground level through thek53 multipole so
that excitation into these levels can proceed via a first-or
Coulomb process, in addition to the exchange interact
The excitation functions of these levels, notably 3d18 and
3s1- , have a broader shape than those of the even-J levels.
Of the threeJ53 levels, the 3d4 excitation function is nar-
rower than the other two. This can be explained on
grounds that the 3d4 wave function@15# has only 13% sin-
glet (1F3) character as compared to 43% for 3d18 and 44%
for 3s1- . Since the first-order Coulomb process arises fr
the singlet component of the wave function, the 3d4 level is
less benefited by the Coulomb process compared to 3d18 and
3s1- , and thus shows more resemblance to spin-chang
excitation.

To analyze the magnitude of the cross sections, we tur
Table I, which contains the direct excitation cross sectio
for the various levels at several different incident electr
energies. Note that theJ53 levels have generally large
cross sections at higher energy than the even-J levels, in
agreement with the general principles discussed in S
IV A. For the 3p54p levels, we found the opposite to be th
case@1#. This reversal occurs because the 3p54p and 3p53d
configurations have opposite parity as explained in S
IV A. Excitations into the purely triplet levels (2s3 , 2s5 ,
3d6 , 3d48) are solely due to electron exchange whereas
additional path of higher-order Coulomb process is availa
for the 3d19 , 3d3 , 3s19 , and 3s1-8 levels. However, we do no
see a discernible difference in the magnitude of the cr
sections for these two groups of levels.~Note that these two
groups also exhibit very similar excitation functions, as
marked earlier.!

E. The 3p5nf levels

Optical emission cross sections for the 3p54 f→3p53d
and 3p55 f→3p53d have been measured for determining t
total cascade radiation into the 3p53d levels. As it turns out,
cascade from the 3p5n f levels is generally comparable t
cascade from 3p5np except for the case of 3d6. A break-
down of the cascade and direct excitation contributions to
apparent cross sections at 40 eV, along with the fraction
the cascades originating from then f levels, are given in
Table II.

Since transitions into the 3p53d configuration are the
only radiative decay channels of the 3p54 f levels, our mea-
surements also provide the apparent excitation cross sec
for the 3p54 f levels. Although this paper is mainly con
cerned with excitation into the 3p53d and 3p55s levels, we
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present the 3p54 f results since no such data have been p
lished in the literature to our knowledge.

For the 3p54 f configuration, the 4f electron interacts
weakly with the 3p5 because of its nonpenetrating charact
The angular momentum vector coupling can be well appro
mated by thej-l scheme in which the angular momentum
the 3p5 core, denoted byj, which may be 3/2 or 1/2, is
coupled with the orbital angular momentuml of the outer
electron to formK, which further couples with the spin of th
outer electron, resulting in the total angular momentumJ,
with J5K61/2 for eachK. Combining the lower core-
doublet memberj 53/2 with l 53 for the n f electron gives
K59/2,7/2,5/2, and 3/2, which are 4V,4U,4Y, and 4X, re-
spectively in Paschen’s notation. Upon adding the elect
spin of the 4f electron, eachK level is split in two, withJ
5K61/2, but we do not resolve them in our experime
The 4V,4U,4Y, and 4X levels span a range of 62 cm21,
which is much smaller than the2P3/22

2P1/2 splitting of the
3p5 core ~1431 cm21). We also have another set of leve
associated withj 51/2 and l 53, which are called 4W (K
57/2) and 4Z (K55/2).

The apparent excitation cross sections for t
4V,4U,4Y,4X,4W, and 4Z levels are given in Fig. 5. None
of these curves shows a broad peak near 80 eV, as the 3p54 f
configuration is not optically connected to the ground sta
Interpretation of these data is complicated by the fact t
each curve represents the contribution from the two dou
members (J5K61/2) and that the cross sections inclu
cascades from the higher levels. We note, however, that
4W and 4Z curves have lower apparent cross sections t
the other 3p54 f levels, suggesting lower cross sections f
the levels associated with the2P1/2 core.

F. Comparison with theoretical cross sections

Bubelev and Grum-Grzhimailo have published the on
theoretical calculations of the 3p55s and 3p53d configura-
tions of which we are aware@17#. Table III compares their
results with ours. We find reasonable agreement for the 2s5 ,
3d19 , 3s19 , and 3s1-8 levels, but their 3d5 and 3d3 cross
sections are much larger than ours. Recently, an exten
comparison between theory and experiment for excitat
into the 3p54s and 3p54p levels has been published@18#.
The results of the present work on the 3p55s and 3p53d
levels should provide the basis for a more comprehens
study.

ACKNOWLEDGMENTS

The authors wish to thank Michael D. Stewart, Jr. a
Dan F. Sullivan, who assisted in the data acquisition wo
Thanks are also due to the late Dr. S. Chung for providing
with the intermediate-coupling wave functions, and to D
John T. Fons for designing much of the detection system.
always, discussions with Dr. John Boffard have been
tremely helpful. This work was supported by the U.S. A
Force Office of Scientific Research.



in

nd

C

-

n,

nd

n,

PRA 60 3721MEASUREMENT OF ELECTRON-IMPACT EXCITATION . . .
@1# J. E. Chilton, J. B. Boffard, R. S. Schappe, and C. C. L
Phys. Rev. A57, 267 ~1998!.

@2# J. T. Fons and C. C. Lin, Phys. Rev. A58, 4603~1998!.
@3# J. E. Chilton and C. C. Lin, Phys. Rev. A58, 4572~1998!.
@4# See, for example, J. M. Ajello, G. K. James, B. Franklin, a

S. Howell, J. Phys. B23, 4355~1990!; J. W. McConkey and F.
G. Donaldson, Can. J. Phys.51, 914 ~1973!.

@5# R. S. Schappe, M. B. Schulman, L. W. Anderson, and C.
Lin, Phys. Rev. A50, 444 ~1994!.

@6# J. K. Ballou, C. C. Lin, and F. E. Fajen, Phys. Rev. A8, 1797
~1973!.

@7# S. Tsurubuchi, T. Miyazaki, and K. Motohashi, J. Phys. B29,
1785 ~1996!.

@8# A. R. Filippelli, C. C. Lin, L. W. Anderson, and J. W. McCo
nkey, Adv. At., Mol., Opt. Phys.33, 1 ~1994!.

@9# P. R. Griffiths and J. A. de Haseth,Fourier Transform Infrared
Spectrometry~John Wiley & Sons, New York, 1986!.
,

.

@10# See, for example, R. M. St. John, F. L. Miller, and C. C. Li
Phys. Rev.134, A888 ~1964!.

@11# E. M. Purcell, Astrophys. J.116, 457 ~1952!.
@12# J. B. Boffard, G. A. Piech, M. F. Gehrke, L. W. Anderson, a

C. C. Lin, Phys. Rev. A59, 2749~1999!.
@13# F. A. Sharpton, R. M. St. John, C. C. Lin, and F. E. Faje

Phys. Rev. A2, 1305~1970!.
@14# R. D. Cowan and K. L. Andrew, J. Opt. Soc. Am.55, 502

~1965!.
@15# S. Chung~private communications!.
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