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Measurement of electron-impact excitation into the $°3d and 3p°5s levels
of argon using Fourier-transform spectroscopy
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Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
(Received 13 May 1999

Cross sections for direct electron-impact excitation from the ground level intopPEs3and 3°3d levels
are measured for incident electron energies from threshold to 200 eV. The optical cross sections for the
3p°5s—3p°4p and p°3d— 3p°4p emissions yield the apparent excitation cross sections. The cascade cross
sections are obtained by measuring the emission intensities for transitionspits and 3°3d 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 3p°4f 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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PACS numbd(s): 34.80.Dp, 34.80.My

[. INTRODUCTION resolved the puzzle of certain unusual pressure effects in the

Electron-impact excitation of argon is a process of interesexcitation of rare gases. It has been known that the measured
in the fields of lasers, plasma processing, and lighting techeptical (and apparent cross sections for the @34p
nology. Cross sections for the various excitation channels are>3p°>4s emission lines vary significantly with the gas pres-
needed for accurate modeling of plasmas and for plasma dsure, even at pressures as low as 1 mT@for the corre-
agnostic measurements. These cross sections are generd&Bonding emission cross sections of Xe, this pressure depen-
determined using the optical method, wherein the intensity ofénce sets in at 0.1 mTorrThe 3p°4p levels are not
emissions from excited atoms is measured at a known atomfptically connected to the ground state. At first sight, we do

density and incident beam flux using photomultiplier tubest €xpect the kind of pressure dependence associated with

(PMT). For rare-gas atoms such as argon, many of the lowEXCitation into optically allowed levels arising from radiation

lying excited levels emit infraredIR) radiation, which is trapping. Another cause of the pressure dependence is colli-

difficult to detect using conventional dispersive spectro—Si(.)n.aI excitation transfer, but its effects are expected to be
scopic technigues. Semiconductor detectors, which opera mtlrr:e almaetatzﬁrsfmlg\évtspgsfﬁéefgszgzeagfgzlﬁﬁir:gs,%';/?g e
in the IR regions, have low detectivity and signal-to-noise y

. . . various transitions into the®4p levels. The total casca
ratios that make them unfeasible to use with monochroma-a ous transitions into ep? p levels € to ascade

t The | b f | d <sion i cross sections are found to have the same pressure depen-
ors. The largé number of narrowly spaced emission liNe{enee a5 the apparent cross sections, so that when the former
also makes the use of narrow-band optical filters impracticalg g piracted from the latter, the resulting direct excitation

Previous work in our lap1-3] has demonstrated the utility ~.oss sections are independent of the presi]réExcitation
of the Fourier-transform spectromet@TS) in weak emis-

sion IR experiments such as these. The FTS combines alar(J= 2101 1321201210 01 1232321 2523 12 3445 34
. .- . . 858,538, PioPPs Pr PoPs Py Ps P2Py dydsd;d d,d,di dsysysis; Z Y X WV U
throughput with the ability to simultaneously acquire data on
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all lines within a large spectral region, allowing us to inves- 4s Sp____ 6d _95_1: - _s__

tigate IR atomic transitions. 15 [——__ :::::4:‘)———— T Rt T S
Figure 1 shows an argon energy level diagram. The firs e PR

excited configuration, 8°4s, has been previously studied 14 [ o ———TT35 ]

[4,5]. Emissions out of the next configurationpBtp, pro- T

duced by electron impact, lie in the visible spectral regions | 3 ]

and have been extensively studi¢f,7]. However, the
3p°3d—3p°4p and F°5s—3p°4p transitions, which are 4, | ] 1
important contributors to the@4p population through ra- __S——
diative decay, are all infrared. In a previous papkEfwe 11 [ 3p%(n+3)s  3p3(n+2)p 3p°nd 3pnf
described the use of the FTS technique to measure the:
transitions. By subtracting these IR contributions to the
3p°4p population from the total population provided by the | 1s22s22pf3s23p® ('S,) 'p, Argon
observed §°4p— 3p°4s excitation cross sections, the cross 0
sections for direct electron-impact excitation into the"8p FIG. 1. Argon energy-level diagram in units of eV. Configura-
levels were determined and reported in Réf. tion notation for the excited manifolds is listed at the bottom. We
Studies of the cascades into thp°3p levels have also refer to individual levels within a manifold with Paschen’s notation.
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cross sections for the optically allowed levelspfBs and  sion cross sectiofor the a—b transition:

3p°nd with J=1) have an intrinsic pressure dependence due

to radiation trapping. This pressure dependence propagates opt__ Dyp 1)

to other levels through successive cascades. For an optically ab(I/e)ny’

nonallowed level, the pressure dependence of the apparent

excitation cross sections is entirely from cascade. To detemwheree is the electronic charge. The sum of all optical cross
mine the direct excitation cross sections, the choice of pressections for emission out of a level into all the lower levels is
sure is not critical so long as both the apparent and cascadermed theapparent cross sectigmnd the sum of all optical
cross sections were measured at the same pressure. Simitross sections for emission into a level out of all the higher
measurements of the cascade radiation into #R6p levels  levels is termed theascade cross section

of Xe have been made]. With the proper cascade subtrac-

tion, the direct excitation cross sections for the Xe{6p)

app_ opt casc_ opt
levels are shown to be independent of the pressure, in spite Qa bza Qab» Qa Cza Qca- )
of the extraordinarily strong pressure dependence of the ap-
parent cross sectiong]. The direct electron excitation cross section is then equal to

In this paper, we study electron-impact excitation of thethe difference between the apparent and cascade cross sec-
3p°3d and 3°5s levels. Measurements of the infrared tions:

3p°3d—3p°4p and P°5s—3p°4p emissions furnish the _

total population of the p°3d and 3°5s levels. However, to QU= Qarr— Qgasc, ®)
determine their direct electron-impact excitation cross sec-

tions, one must correct for the population due to radiative To obtain the apparent excitation cross sections, the
cascade. The latter is found by measuring the emission i8p®5s—3p°4p (0.9-1.4 um) and F°3d—3p°4p (0.9—
tensities of the transitions intop83d and 3°5s from the 1.5 um) transitions are used. For cascades into the53
higher levels. These transitions have wavelengths as high davels, transitions from the@®5p, 3p°6p, and °7p con-

6 um, at which the detectors are much less sensitive comfigurations(2—6 um, 1.1-1.6um, and 0.9—-1.2um respec-
pared to the region around 1:6m. Lock-in detection is in- tively) are within the range of our FTS, whereas transitions
corporated into our FTS system to improve the sensitivityfrom the higher configurations can be studied using our
The cross sections for thep83d and 3°5s levels so ob- PMT/monochromator systedt,8]. Similarly, combination
tained, along with results of thep34s and 3°4p reported  of the FTS and the PMT/monochromator system covers all
earlier, constitute a comprehensive set of excitation crosthe cascade radiation into thg™Bd levels.

sections needed for a basic quantitative understanding of the

electron-atom processes, and a data basis for technological lIl. EXPERIMENTAL APPARATUS
applications in such areas as plasmas, discharges, and light-
ing. A. Collision chamber

A caveat concerning our particular experiments should be The argon atoms studied in the experiments comprise a
made. TheJ=1 levels in the $°3d and 3°5s configura- static gas target contained in a stainless-steel collision cham-
tions are optically coupled to the ground state and emit in th@er. A diffusion pumg700 liters/$ evacuates the chamber to
deep ultravioletUV) at 86—89 nm. Because our apparatus isa base pressure of 18 Torr. An ion pump is used to main-
not designed to operate below 220 nm, we could not acquirgain vacuum when the experiment is not in use. During data
data on the B°5s and 3°3d resonance lines. As we dis- acquisition, the vacuum pumps are valved off and the cham-
cussed in our previous papkt], these lines experience re- per filled with research grade argon to the desired pressure.
absorption of emitted photons. The effective branching fraca getter pump eliminates any remaining contaminants. The
tions for the unmeasuredp85s and 3°3d resonance pressure is recorded with a capacitive manometer. Figure 2
emissions are pressure-dependent and cannot be determingtbws the layout of the experiment.
by using just the oscillator strengths of the emission lines The electron gun is attached to one of the collision cham-
from the resonance levels. We therefore do not report crosger's ConFlat end flanges. It consists of an indirectly heated
sections for these levels. We do provide apparent excitatioBaO cathode, with multiple electrostatic focusing and accel-
functions for these levels and discuss their general features iration grids, producing an electron current between 200 and
Sec. IV. 500 uA over energies of 10 to 250 eV. The beam is approxi-
mately 3 mm in diameter with an energy resolution of about
0.6 eV (full width at half maximum. A deep Faraday cup
collects the electrons, and the current is recorded by a digital

We employ the optical method to determine electron-multimeter. A control grid is placed directly in front of the
impact excitation cross sections. This method has been moathode. By supplying a large 1 kHz square wave to this
extensively reviewed elsewhef8], and will be discussed grid, the electrons can be deflected from the gun, modulating
here only briefly. the electron beam so that a lock-in detector may be em-

Consider an electron beam of curréritaversing a gas of ployed. Detecting this modulated signal also allows us to
number densityny,. Some of the atoms will be excited to remove the signal due to scattered photons from the hot cath-
level a, and then decay to lower levie] emitting a photon. If  ode.
we measure the number of photons emitted per unit time per A slit in the Faraday cup allows the radiation to emerge
unit beam lengthg,,,, then we may define aoptical emis- and pass through a Ca®indow on the side of the chamber.

II. OPTICAL METHOD
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s R The FTS was run in step-scan mode. For a spectral reso-
M, A lution of 2 cm %, the moving mirror needs to travel a total
w ] displacement of 5 mm. For the,l@a, _,As detector, with a
spectral range of 12 000—5900 ch two data points need to
m, L// E M, be taken per laser cycle, for a total qf 15798 position poir)ts
m g of the moving mirror to generate an interferogram. The mir-
% M, — ror is moved until the laser photodetector senses a null in the
on Helectrongun FTS interference pattern, and is then stopped. After resting for
Pump i — five times the lock-in amplifier's time constant, the demodu-
% lated signal from the lock-in at that mirror position is re-

corded as the interferogram data point. The mirror is then
stepped to the next position. For the,@s, _,As detector
Manometer with a 10 ms lock-in time constant and 50 ms of data re-
corded at each position, the data collection time was approxi-
FIG. 2. Experimental layout. Radiation from excited atomsmately half an hour per interferogram. For the InSb detec-
emerges from the chamber through the windeW,and is reflected  tors, which do not see above 7899 chonly one data point
off mirror M, into the FTS. The light passes through the beamsplit-need be recorded per laser cycle. However, these detectors
ter (B) and is reflected off the fixed and moving mirroM, and  have a lower detectivity than the,[@a, _,As, so a time con-
M3. The interference pattern is focused by miridy, onto the  stant of 100 ms, with 200 ms of data collected per position,
detector,D. Mirror M, can be rotated to observe thg outp.ut of a\yas used, for a total data collection time of approximately
ca’Iibrated blackbody sources), through a compensating window 1.5 h per interferogram.
W Once the interferogram is recorded, the FTS software
computes the Fourier transform, using Happ-Genzel apodiza-
An off-axis parabolic mirror collects the light and sends ation and power spectrum phase correction. The result is an
collimated beam into the FTS. unnormalized spectrum of peaks corresponding to the vari-
ous atomic transitions.

Getter

B. FTS and detection electronics

A FTS is a Michelson interferometer, consisting of a fixed C. Calibration
and moving mirror and a self-compensating beamspligr To transform between the peak heights recorded by the
Light entering the spectrometer is split into two beams,FTS and normalized cross sections, two separate calibrations
which are reflected by the two mirrors, then recombined at gnust be performed. First, the heights of the peaks must be
detector. The signal intensity is recorded as a function ohdjusted to allow for the transmission of the various optical
displacement of the moving mirror, resulting in an interfero-elements and the quantum efficiency of the detector. To do
gram that can be Fourier transformed to yield a spectrumnis, the parabolic mirroM; (in Fig. 2) is rotated 180° and
The displacement of the moving mirror is detected by a 633he output of a calibrated blackbody sour@ is sent into
nm (15798 cm ') He-Ne laser, following the same optical the FTS. A Cak window, identical to that on the collision
path, and a laser photodetector, which detects the fringes @hamber, is placed in the beam path for compensation. The
the laser interference pattern. The number of data points cokpectrum recorded by the FTS is then divided by the theo-
lected to produce the interferogram depends on the waveetical blackbody curve. The result is an instrument response
length range of the detector. If the detector is sensitive tqunction for the particular detector/beamsplitter combination.
radiation between 15798 and 7899 chtwo data points Now, each electron excitation spectrum can be divided by
must be collected per laser cydlence per each minimum at this response function to yield a corrected spectrum in which
the laser detectdr to prevent aliasing of radiation from the height of each peak is proportional to the number of
shorter to longer wavelengths of the spectrum, according tphotons emitted in the particular transition.
the Nyquist criterio9]. Below 7899 cm'!, it is sufficient to Dividing the peak heights by the electron beam current
collect one point per laser cycle. and pressure yields a number proportional to the cross sec-

The FTS used in this experiment is a Nicolet Magna-86Qions, as defined in Eq1). To place these relative numbers
spectrometer. KBr windows allow the infrared radiation on an absolute scale, we must perform a bridging calibration.
from the chamber to enter the device. Two different beam-Qur previous papdrl] detailed the use of a monochromator/
splitters were used in the experiment. A quartz beamsplittePMT system to determine the absolute cross section of the
was used for near-IR work, and a KBr beamsplitter for2p,,— 1ss (Paschen’s notatigriransition in argon. This line
longer wavelengths. Three detectors were employed. A theties at 912.3 nm, and is visible in both a PM$-1 photo-
moelectrically cooled lgGa _,As detector covered the 0.9— cathod¢ and the InGa_,As detector. All lines in the
1.6 um region, with the quartz beamsplitter. A liquid- In,Ga,_,As region can now be ratioed to the 912.3 nm line
nitrogen-cooled InSb detector was used for 1.3-2m, and thus be placed on an absolute scale. The spectrum of
with the KBr beamsplitter, and a second longer-wavelengthines observed in the InSb detector can likewise be abso-
InSb detector for the 2.6—am range. The signal from the lutely calibrated by ratioing them to lines in the overlap re-
detectors is fed to a digital lock-in amplifier, tuned to the 1gion (1.3—-1.6um) between the InSb and j8a _,As detec-
kHz modulation frequency of the electron beam. tors.
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In connection to the radiometric calibration, it is neces-each data point. The absolute calibration procedureis
sary to check the anisotropy of the radiation. For this purposestimated to have a systematic uncertainty of around 12%.
we placed a polarizing filter into the beam path in order toThe systematic uncertainty in the FTS data, due to the cali-
determine the amount of polarization of the emission linesbration procedure, pressure, and current measurement, is es-
The electron excitation signal was examined with the polartimated to be 15%. For each measurement, we quote a com-
izer oriented in both the parallel and perpendicular positionsPined statistical and systematic uncertainty. Because the
The ratio of these signals was compared to the response gffect cross sections are calculated as the difference between
the detector to an unpolarized broadband source with th@V0 other measurement&q. (3)], it is possible that small
polarizing filter in the same orientations. We find the polar-Percentage error bars on the apparent and cascade cross sec-
ization factorP of emissions from the g°4p, 3p°5s, and tions can produce rglatlvely Igrge per_centage error bars on
3p53d levels to be too smallgenerally less than 1696 the direct cross sections, particularly if the cascade and ap-

across all energies studied. Since the polarization correctio%arent are close in magnitude.
introduces only a factor of (£ P/3) to the cross sections,
the anisotropy of the radiation amounts to no more than a 5%
correction[8], which is less than the statistical uncertainty of  Interpretation of the electron-impact excitation cross-
our measurements. section data of the heavier rare gases is facilitated by utiliz-
ing the well-established results of helium with modifications
D. Data acquisition to account for deviations from the-S coupling. Further-

more, each excited configuration of the typg°nl contains

i Dt_ata ;Ner?_ acquired at ﬁm ?rgok? tpressure Oft6 m(;rgg'oE@umerous levels, and the cross sections of these levels are
citation functions were coliected between onset an ©Yelated to theid values in a fundamental way. In this section,

by recording several spectra using the method described We first summarize the general principles derived from basic

Sec. |11 B. Egak he|gh'ts'were then extracted and averaged f(?Irleoretic:al considerations. Our experimental results are then
each transition, and divided by the electron beam current angresented and analyzed based on these principles

pressure. The results were calibrated as described above.
Some transitions with wavelengths within our spectral de-
tection range were not observed, owing to their small cross A. General principles
sections. By observing the amplitude of noise recorded in
that spectral region, it is possible to place an upper bound on ] o
the size of the transition. These upper bounds formed negli- I the case of helium, excitation from the ground level
gible contributions to the total cascade cross sections. 1°S to the optically allowed levels"P is characterized by
The spectral region studied in this experiment includes théarge cross sections and a broad peak in the excitation func-
1.4 um and 4.3um CO, and 1.9um and 2.7um H,0  fion (cross section versus incident electron engrépr the
molecular absorption bands. Radiation emitted from the colSinglet levels not optically connected to the ground level,
lision chamber passes through approximately one meter ¢iuch as'S andn'D, the cross sections are smaller and the
air before entering the spectrometer. Absorption of the inpugXcitation functions are less broad in comparison with the
radiation by CQ and H,O is accounted for by the blackbody N'P levels. Most striking is the case of spin-changing exci-
calibration procedure described in Sec. Il C. To ensurdation, i.e., from 1S to n®L, in which the excitation func-
proper calibration of the few lines in the G@nd HO ab-  tions exhibit a sharp peak near the energy thresfibi
sorption region, the relative humidity and temperature in the For the heavier rare-gas atoms, the ground state
lab were monitored, and the calibration procedure repeateds’2s’---n'p® is a 'S, level, but most of the excited states
in the case of variations. The relative uncertainties of thes€lo not conform to the.-S coupling, so that the designation
lines have been adjusted accordingly. of spin-multiplicity is not always valid. Nevertheless, one
In our previous wor1], we demonstrated the importance can always express the excited-state wave functions as linear
of resonance radiation reabsorption as a population mechgombinations of thé.-S eigenfunctions, which one can cor-
nism for the excited states of argon. Increasing argon predelate with the rules in the preceding paragraph. For instance,
sure tends to increase the optical cross sections, as defined #ig Ar(3p°3d) configuration yields the following - S terms:
Eq. (1). Hence, it is vital to realize that thepparentcross ~ -P1, °Pg, *P1, *P,, 'D,, °Dy, °D,, °Ds, 'F3, °F,,
sections quoted in this paper are correct only for the pressurds, and °F ,. To allow for deviation from thé.-S coupling,
at which data were acquirg@® mTorn, and may vary with one regards each level in this configuration as a superposi-
pressure. As explained in Sec. |, both the apparent and cation of the L-S terms. Sincel is always a good quantum
cade cross sections must be measured at the same presstmgnber, such mixing is limited th-S terms of the samé.
and the resultinglirect electron-impact excitation cross sec- Thus, theJ=0 andJ=4 levels of the $°3d configuration
tions are independent of pressure. We choose our pressureaie purely triplet states’P, and 3F,, respectively and their
6 mTorr so as to optimize the emission signal at wavelengthgxcitation functions are expected to be sharply peaked near
above 2um (because of the low sensitivity of In§bwhile  the threshold. The 3°3d configuration contains also three
keeping the pressure low enough to maintain proper focusintgvels with J=3 (superpositions of'F3, 3F3, and 3Dj),
of the electron beam. four levels withJ=2 (superpositions of'D,, °D,, °P,,
At each pressure and energy studied, several step-scamd®F,), and three levels witd=1 (superpositions ofP,,
runs were taken. The extracted peak heights for each transtP,, and °D,). Since these ten levels all contain a singlet
tion were then averaged, providing statistical error bars focomponent in theL-S superposition, excitations from the

IV. RESULTS AND DISCUSSION

1. Shape of the excitation functions
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ground level {Sp) into theJ=3,J=2, andJ=1 levels gen-

erally show broader excitation functions compared to excita-

tion into theJ=0 andJ=4 levels, which have no singlet
components. Moreover, thd=1 levels contain thelP,

term, which is optically connected to the ground level. Thus

the excitation functions of thé=1 levels should, in general,

1.0

0.8

0.6

have the broadest peaks. Exceptions to the above rules occi

if the singlet component of a particular level is very small, as

will be discussed in Sec. IV B.

2. Magnitudes of the cross sections

A simple, useful picture to describe the qualitative fea-
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tures of excitation cross sections is to regard the excitatiors s
process as an absorptionlike transition induced by the elec
tromagnetic field associated with the incident electron. This Lo

field can be decomposed into the monopdte=0), dipole
(k=1), quadrupole K=2), etc. components. Excitation
from the ground state of helium into tm¢S, nP, andn'D

levels can be associated with the monopole, dipole, anc

quadrupole fields, respectively. This multipole field picture

0.8

0.6

0.4

0.2

0.0,

addresses the effect of Coulomb interaction in electron exci-

tation, but does not allow for electron exchange. Conse
quently, it is not applicable to spin-changing excitations like

fully applied by Purcel[11] to calculate the hydrogen®3
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FIG. 3. Optical excitation functions for the thrde=1 3p°3d

1'S—n3L. The multipole-field analysis has been successlevels (3], 3d,, 3ds) and twoJ=1 3p°5s levels (5, and ,)
studied. The twal=1 3p°6s levels (3, and 3,) are shown for

—22P transition induced by collisions with electrons and comparison. Each plot has been scaled to a maximum height of 1.0.
ions. ] ) ] ] )

Application of this multipole-field picture to argon has Site parity of the two configurations involved.
been made to discuss the cross sections for excitation into 'he multipole picture can be recast into a more formal,

the 3p°4p levels from the metastable levelsg3ts, J=0

multipole-field analysis to excitation from the ground level
(3p® 1sy) to the 3°3d levels. Since we are dealing with a
transition from 3 (I=1) into 3d (I=2), only the dipole

excite the ground level J=0) into a level withJ=1,
whereas the octopole field leads to excitation idte3 lev-
els. Excitations from the ground state into the levels with
=0,2,4 do not satisfy the “selection rules” fde=1 andk

=3 and must proceed through higher-order processes and/or

guantum-mechanical analyqi$3]. Here we describe tha

and 2 and their relation to the cross sections from theatomic electrons bfj(rjequj) and the incident electron by
ground level[12]. In this paper we further extend the r’(r’'¢’¢’). The atom is excited from the initial state

Gi(dilry, ...

[r,) into the final statey(J;|ry, . ..

) of to-

tal angular momentd; andJ;, respectively. Let us consider
’ only the Coulomb interaction of the incident electron with
(k=1) and octopole K=3) components of the multipole e atom and neglect the exchange interaction. The colli-
field are operative. With the dipole field, it is possible 10 gjona| coupling potential between the initial and final atomic

statesCi(r7), is

electron exchange. Thus, at “high” energies, where the ex-
change effects are small, excitations from the ground state

into the 3°3d levels with oddJ, in general, are favored over
excitations into the eved-levels. Again, exceptions to the
above rule may occur if any one of thep3d levels with

(s

J

2

= =

cfi<ﬁ>=f (e o)

i

)¢i(3i|r], o Fdrg L dr,.

4

J=1 orJ=3 has a very small singlet component, resultingFor our application, the initial state igp8 with J;=0 and the

in a reduction of the cross section below those of the elen-final state is $°3d with J; ranging from 0 to 3. Imagine that
we construct); and¢; from the one-electron orbitals for the

On the other hand, if we consider excitation into thetwo configurations involved, and expand the Coulomb inter-
action by spherical harmonics as

levels.

3p°4p configuration(in place of 3°3d), the 3p°—3p°4p
(3p to 4p transition$ entails only the monopolek&0) and
quadrupole k=2) members of the multipole field. The
monopole component leads to the@®3 J=0—3p°4p, J
=0 excitation and the quadrupole component fif,3J=0
—3p®°4p, J=2. In this case, we should find the evénev-
els to have larger cross sections than the ddielels. This is
indeed confirmed experimentalyl]. The reversal of the
even/odd ordering from#3d to 3p°4p is due to the oppo-

1

1

4
—r| s fm2k+1

<

-

k
_) Yim(0;#) Yim(0' &),

®

wherer_ andr. are the lesser and greater iof andr;,
respectively. Since the active electron moves fromiBto
3d (I=1—1=2), only thek=1 andk=3 terms in Eq.55)
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survive upon using Eq(4) to integrate over the electron excitation into the odd- levels of the $°3d configuration
coordinates. This reduces the coupling potenfigl into a  generally should have larger cross sections than the &ven-
mixture of integrals of triple products like levels.

F Yo 1m(60)) i and gy Yy~ 3 m(0;0)) i . Sinceds, Yy,

and y; are elgenfunctlons_ od corresponding th:Jf, J B. The 3p53d, J=1 levels

=k, andJ=J;=0, respectively, all the above triple-product

integrals, and therefor€;;, vanish unlessl;=1 or J;=3. The apparent excitation functions for the three levels with
To the first approximation, excitation cross sections are obJ=1 of the 3°3d configuration (3;, 3d,, and 3ls) are
tained from the corresponding coupling potential. Thus it isshown in Fig. 3. For the § and 3, levels, we indeed see a
possible to excite thd=1 andJ=3 levels via first-order broad maximum near 80 eV characteristic of excitation into
Coulomb interaction, whereas excitation into the0,2, or 4  an optically allowed level. Thed, excitation function, how-
levels would require electron exchange interaction or aever, exhibits a sharp peak near the threshold in contrast to
higher-order Coulomb process in which the initial and finalwhat we expect for ag°3d, J=1 level. To understand this
states are coupled through intermediate states. At “high”anomaly, an intermediate-coupling calculation of the wave
incident electron energies where the exchange interactiofunctions[14] for all the levels of the B°3d configuration
contributes insignificantly to the excitation cross sectionshas been performgd5]. The wave functions of the threk
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TABLE |. Direct electron-impact excitation cross sections in units of f0ocn?. The uncertainty is
combined statistical and systematic.

J peak 30 eV 40 eV 50 eV 75 eV 100 eV
2s, 0 5.4+11  3.3-0.7 1.9-0.5 1.1+0.4 023023  0.150.15
2s5 2 24+6 14+3 7822  4.8-17 1.7:1.1 0.94+0.86
3ds 0 8.6+1.6 6.0:1.0  3.6:0.6 1.6:0.3  0.56:0.15  0.26:0.10
3d; 2 23+6 14+3 7.4+2.4  3.2+18 0.75" 535 0.19°375
3d, 2 25+6 18+4 10+3 3.3-1.8  050-045  0.40-0.40
3s] 2 11+2 7.3:1.4 4510 2.3-0.7 0.44-0.38 0.05"338
3s]” 2 14+3 8.4+16  4.6:1.1 2208  042-041  0.18-0.18
3d; 3 5.3+2.3 5323 5120  4.6-19 3.7£15 3.0:1.2
3d, 3 16+5 11+3 6.9+2.2 3.3-1.9 1.8:1.1 1311
3sy 3 9.2+22 8120  6.6:1.6 5513 3.7:0.9 3.0:0.7
3d, 4 34+8 19+4 10+3 3.4+1.8 0.56" 33 0.21°37%3

=1 levels of 3°3d are linear combinations of théP,, radiation trapping. As with the case of the;3and 3, levels

3p,, 3D, eigenfunctions. The weightings of thé; com-  discussed in Sec. IV B, we are unable to obtain the apparent

ponent in the 8], 3d,, and 35 wave functions are 57%, excitation cross sections of thesand %, from our mea-

42%, and 0.09%, respectively. This explains the sharp peagured optical cross sections for thp®5s— 3p®4p emission

in the excitation function of the & level, as it is almost a |ines.

purely triplet level because of the very smaP; compo- Our measurements of the optical cross sections for the

nent. ) o ) 2s,—2p3 and X,—2pg emissions yield the shape of the
We have measured the optical emission cross sections f%fpparent excitation functions of thes2 and 2, levels,

all the 3p°3d—3p°4p emission lines. The threk=1levels  spoun in Fig. 3. In both curves the peak immediately above

also decay into the ground level. These UV emissions aré Nqfe energy threshold appears to be in contradiction with the

measured in our experiments. Because of radiation trappingy. .- 4 1\ 2vimum near 80 eV that is expected of optically

the effective branching fractions of the unmeasured transi- L
. 9 allowed levels. A close examination of the,2curve, how-
tions at the pressure of our measurements are not known,

This has prevented us from determining the apparent excit ever, reveals a possible broad shoulder structure near 80 eV.

tion cross sectionthence also the direct excitation cross secf?— hel 2, ﬁ.nf] f}s“ Ievelst r?cel\]{e c?scade frlgm thtep?p t 20
tions of the 3s,, 3ds, and 3, levels. evels, which have excitation functions peaking at abou

eV. Thus, the peak at 20 eV in thes2function may be the
result of cascade superimposed on the direct excitation com-
ponent, which has the usual broad maximum at 80 eV. The
The 3p°5s configuration contains four levels. The two  same applies also to thes2level, since its apparent excita-
=1 levels (&, and %,) are superpositions of th&P, and tion function can be decomposed into a curve with a peak at
3p, L-Sterms, whereas the other two are purely triplet lev-20 eV plus one with a broad maximum at 80 eV. For com-
els, 3P, (2s3) and 3P, (2ss). The 2, and X, levels are  parison, we include in Fig. 3 the apparent excitation func-
optically connected to the ground leveldd in Paschen’s tions for the 3, and 3, levels (the twoJ=1 levels from
notation, so that the effective branching fractions of the 3p°6s). Here the broad maximum is the prominent feature.
2s,—1py and X,— 1p, channels are strongly influenced by The sharp peak near the threshold is much reduced compared

C. The 3p°5s, J=1 levels

TABLE II. Apparent, cascade, and direct cross sections at 40 eV and 6 mTorr in units Bfce?. The
final column lists the percent contribution of the f transitions to the total cascade.

J Apparent Cascade Direct nf Cascade

2s, 0 3.00.9 1.1+0.3 1.9+0.9

2S5 2 14+ 4 5.9t2.0 7.8c2.2

3dg 0 4415 0.81-0.24 3.6:0.6 0%
3d] 2 14+ 4 6.7£3.0 74524 37%
3d; 2 16+3 6.3+2.2 103 58%
3s] 2 6.5+1.9 2.0:1.6 45t1.0 13%
3s]’ 2 6.9+1.8 2.3:0.9 4.6-1.1 48%
3d; 3 12+2 6.4+1.9 5.1+2.0 69%
3d, 3 13+4 6.3t2.2 6.9-2.2 59%
3sy 3 10£2 3.6£0.9 6.651.6 30%
3d, 4 165 59+2.4 103 84%
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to the 5, and X, levels, indicating a much smaller percent- J=3 levels (3], 3d,, 3s]) of 3p®3d, over the energy
age contribution of cascade to the apparent excitation crogainge from threshold to 200 eV. Let us first focus on the
section. shape of the direct excitation functions. Thg;2 2s5, 3dg,

and 3, levels have purely triplet character. Excitation into
these levels is entirely due to electron exchange and their

For all levels of the $°3d and 3°5s configurations with ~ €Xcitation functions indeed have a sharp peak followed by a
J#1, the only decay channels are the radiative transitionsteep decline with increasing electron energy. More quanti-
into the 3°4p levels. From the optical emission cross sec-tatively, the excitation functions for these levels are expected
tions of these transitions that we measured, the apparent ese exhibit anE 2 dependence at high energies if one adopts
citation cross sections are obtained. We have also measurélte Ochkur approximatiofil6] to the Born theory. It should
the optical emission cross sections for transitions into théve interesting to see if our experimental data conform to this
3p°3d and 3°5s levels from the levels above them in order energy relation. For the four purely triplet levels, the direct
to determine the cascades. Most of the cascade into thexcitation cross sections at high energies are small and were
3p°5s levels is found to originate from thep85p (2—6  obtained as the difference between much larger quantities,
um), 3p°6p (1.1-1.6um), and P°7p (0.9-1.2um) con- i.e., the apparent and cascade cross sections. As a result, we
figurations. For the B°3d levels, the cascade is predomi- have relatively large error bars on the direct excitation cross
nantly due to the B°5p and 3°6p levels(1.0-3.2um) as  sections at high energies, as can be seen in Table I. Within
well as the $°4f (1.1-1.6um) and F°5f (0.9-1.1um) the experimental uncertainties, energy dependencés Bf
levels. The total cascade is then subtracted from the apparewith n ranging between 2.0 and 3.5 are all consistent with the
excitation cross section to give the direct excitation crossigh-energy cross sections for the purely triplet levels.
section for each level. The 3d7, 3ds, 3s], and 3]’ levels J=2) have a par-

Figure 4 summarizes the results of the apparent, cascadgal singlet character'D,), but they do not connect to the
and direct cross sections for tlle=0 andJ=2 levels of ground level through th&=1 andk=3 multipole “selec-
3p°5s (2s; and X;), and theJ=0 level (3dg), theJ=4  tion rules” (or theseJ=2 levels have no direct collisional
level (3dy;), the J=2 levels (3], 3dsz, 3s], 3sy’), and  coupling with the ground level via Coulomb interactices

D. 3p®3d and 3p°5s levels with J# 1

TABLE lIl. Comparison of our cross-section results with those of RET). Units are 101° cn?.

This work Ref.[17] This work Ref.[17] This work Ref.[17]
J peak peak 30 eV 30 eV 50 eV 50 eV
253 0 54t1.1 3.77 3.30.7 1.81 1.x04 0.26
2S5 2 24+ 6 22.2 14+ 3 10.8 4.8-1.7 1.52
3dg 0 8.6£1.6 24.2 6.61.0 16.7 1.60.3 2.70
3d] 2 23*+6 19.7 14+ 3 10.1 3.2£1.8 1.50
3d; 2 25+ 6 99.3 18-4 65.2 3.31.8 10.7
3s] 2 11+2 14.4 7314 7.68 2.30.7 1.08
3s]’ 2 14+3 17.3 8.4-1.6 9.00 2.20.8 1.31
3d; 3 5.3:2.3 13.4 5%23 9.66 4619 5.04
3d, 3 165 31.6 13 19.0 3.31.9 6.42
3sy 3 9.2£2.2 17.2 8.x20 11.4 5513 4.80
3d, 4 34+8 58.2 184 31.7 3418 4.76
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explained in Sec. IV A. Excitation into thesk=2 levels present the B°4f results since no such data have been pub-
must involve a “higher-order” Coulomb interaction and/or lished in the literature to our knowledge.

electron exchange. The excitation functions of these levels, For the 3°4f configuration, the # electron interacts
however, are rather similar to those of the0 andJ=4  weakly with the $° because of its nonpenetrating character.
levels, which are excited by exchange interaction only. INThe angular momentum vector coupling can be well approxi-

other words, the higher-order Coulomb interaction appeargated by the-I scheme in which the angular momentum of
not to have much influence over the exchange interaction ofe 3p° core, denoted by, which may be 3/2 or 1/2, is

the shape of the excitation functions of these four levels. coupled with the orbital angular momenturof the outer

TheJ=3 lﬁvﬁls conta(;nl théllzaanglﬁtﬂggr;ponlgnt ‘I’Vh'Ch electron to formK, which further couples with the spin of the
connects with the ground level throug multipole S0 g iqr electron, resulting in the total angular momentiim

that excitation into these levels can proceed via a first-ordef ... 3 _ 1+ 1/2 for eachK. Combining the lower core-
Coulomb process, in addition to the exchange interaction,

L . , doublet membef=3/2 with | =3 for thenf electron gives
The excitation functions of these levels, notablg;3and _ : i
3s]', have a broader shape than those of the evivels. K=9/2,7/2,5/2, and 3/2, which arev4au 4y, and &, re

o S tively in Paschen’s notation. n ing the electron
Of the threeJ=3 levels, the 8, excitation function is nar- spectively aschen’s notation. Upon adding the electro

rower than the other two. This can be explained on the’P'n of the 4 electron, eaclK level is split in two, withJ

grounds that the @, wave function[15] has only 13% sin- =K=*1/2, but we do not resolve them in our experiment.

/ The 4V,4U,4Y, and 4X levels span a range of 62 crh
let (*F3) charact d to 43% foul;3and 44% o o
ge (,,, 3) Character as compared to 43% fo,3an > which is much smaller than th&P,— 2Py, splitting of the

for 3sy’. Since the first-order Coulomb process arises from3 5 1
) : . p* core (1431 cm -). We also have another set of levels
the singlet component of the wave function, th# 3evel is associated withj=1/2 andl=3, which are called W (K

Iesi benefited by the Coulomb process comparegdﬁoa’&d _=7/2) and Z (K=5/2).
3sy’, and thus shows more resemblance to spin-changing The apparent excitation cross sections for the

excitation. . ) 4V ,4U ,4Y ,4X,4W, and 4 levels are given in Fig. 5. None
To analyze the magnitude of the cross sections, we turn 8¢ these curves shows a broad peak near 80 eV, aspthf3
Table 1, Wh'Ch contains the direct excitation cross SeCtlon%om‘iguration is not optically connected to the ground state.
for the various levels at several different incident eleCtronlnterpretation of these data is complicated by the fact that
energies. Note that_ the=3 levels have generally Iar_ger each curve represents the contribution from the two doublet
cross sections at higher energy than the eVdavels, i \ompers g=K+1/2) and that the cross sections include
agreement with the general principles discussed in Seqagcades from the higher levels. We note, however, that the

5 .
IVA. '1:°r_|_tr?e 3p>4p I?VGIS’ Webfound thiﬂégposng tosg% the 4W and 4 curves have lower apparent cross sections than
case[1]. This reversal occurs because the’8p and 3 the other $%4f levels, suggesting lower cross sections for

configurat.ion's haye opposite pari'ty as explained in Se€Ghe levels associated with tH, core.
IV A. Excitations into the purely triplet levels &, 2ss,
3dg, 3d,) are solely due to electron exchange whereas an
additional path of higher-order Coulomb process is available
for the 3dY , 3ds, 331, and :-BE[” levels. However, we do not Bubelev and Grum-Grzhimailo have published the only
see a discernible difference in the magnitude of the crostheoretical calculations of thep35s and 3»°3d configura-
sections for these two groups of leve(blote that these two tions of which we are awargl7]. Table Ill compares their
groups also exhibit very similar excitation functions, as re-results with ours. We find reasonable agreement for te 2
marked earliej. 3d], 3s], and 37"’ levels, but their 85 and 33 cross
sections are much larger than ours. Recently, an extensive
E. The 3p°nf levels comparison between theory and experiment for excitation
_ o , 5 5 into the 3°4s and 3°4p levels has been publishdds].
Optical emission cross sections for th@3f— 3p~3d The results of the present work on th@%8s and 3°3d

5 5 - .
and $°5f—3p”3d have been measured for determining thejeye|s should provide the basis for a more comprehensive
total cascade radiation into thgp33d levels. As it turns out, study.

cascade from the (Fnf levels is generally comparable to
cascade from B°np except for the case ofdy. A break-
down of the cascade and direct excitation contributions to the
apparent cross sections at 40 eV, along with the fractions of The authors wish to thank Michael D. Stewart, Jr. and
the cascades originating from thef levels, are given in  Dan F. Sullivan, who assisted in the data acquisition work.
Table II. Thanks are also due to the late Dr. S. Chung for providing us

Since transitions into the ©3d configuration are the with the intermediate-coupling wave functions, and to Dr.
only radiative decay channels of th@3tf levels, our mea- John T. Fons for designing much of the detection system. As
surements also provide the apparent excitation cross sectioavays, discussions with Dr. John Boffard have been ex-
for the 3p°4f levels. Although this paper is mainly con- tremely helpful. This work was supported by the U.S. Air
cerned with excitation into thef®3d and 3°5s levels, we  Force Office of Scientific Research.

F. Comparison with theoretical cross sections
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