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Cross sections for electron excitation of the 23S metastable level of He into higher triplet levels
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Cross sections for electron excitation out of the 23S metastable level of He into the 23P, 3 3S, 3 3P,
3 3D, 4 3S, 4 3P, 4 3D, 5 3S, and 53D levels have been obtained for energies up to 18 eV. We have observed
a broad excitation function for the 23P level with a peak apparent cross section of 1.2310214 cm2. For the
n53, 4, and 5 levels, the excitation functions show a pattern of sharp peaks for excitation into then 3S levels,
slightly less sharp peaks for excitation into then 3P levels, and relatively broad peaks for excitation into the
n 3D levels. Absolute cross sections have been obtained for all the above mentioned levels using a laser-
induced fluorescence technique and the results agree well with experimental values reported by Laguset al.
@Phys. Rev. A53, 1505 ~1996!# The cross sections for the 23S→n 3P excitations which correspond to
dipole-allowed optical transitions are smaller than the corresponding 23S→n 3S and 23S→n 3D excitation
cross sections, in contrast to the trends observed for excitations out of the ground level. This reversal behavior
is discussed in terms of the dipole matrix element sum rule. Our cross-section data are compared with those of
the alkali-metal atoms.@S1050-2947~97!06204-5#

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

Excitation out of the metastable levels of rare gases is
important mechanism in a wide variety of phenomena, s
as high density gas discharges, astrophysical plasmas,
electron-beam pumped lasers. In the case of the 21Sand 23S
metastable levels of helium, much theoretical work has b
done on calculating both differential and integral cross s
tions for electron excitation out of these excited levels@1–7#.
An early measurement by Gostevet al. @8# shows results tha
are in serious disagreement with the subsequent experim
of Mityureva and Penkin@9#. Measuring cross sections fo
processes out of the metastable levels has proven to be m
more difficult than measuring cross sections for the co
sponding processes out of the ground levels of these ga
This is primarily due to the difficulty in producing sufficien
densities of metastable atoms to study and separating
associated signal from signals due to ground level atoms
our laboratory we have used a hollow cathode discharg
produce a thermal atomic beam containing metastable
lium with a density of 63107 cm23. With this apparatus
along with the use of special techniques for detecting v
low photon emission signals, we have measured excita
functions and cross sections for electron excitation out
both the singlet and triplet metastable levels for electron
ergies up to the onset of ground level excitation@10–12#.
Our current work represents a refinement and extension
then52 andn55 triplet levels of the previous results of Ra
et al. @10#. We have found distinct patterns in the shapes
the excitation functions for theS, P, andD levels.

Part of the motivation for our effort is that the experime
of Rall et al., which used the aforementioned thermal atom
beam as a target, and the experiment of Laguset al. @13#,
which used a fast~1 keV! beam of metastable atoms pr
duced by charge exchange collisions as a target, had a
551050-2947/97/55~4!/2842~15!/$10.00
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ference in their absolute cross sections of about 50%. W
feel that it is important to improve the absolute calibration o
the thermal atomic beam experiment to determine the sou
of this discrepancy. As discussed in Sec. III E, with the im
proved absolute calibration our absolute cross-section m
surements using the thermal metastable beam target sh
good agreement with the results of Laguset al., which are
based on an entirely different method of absolute calibratio

II. EXPERIMENTAL APPARATUS

A schematic diagram of our experimental apparatus
shown in Fig. 1, which is quite similar to the apparatus d
scribed by Lockwoodet al. @11,12#. In this experiment, an
electron-beam crosses at right angles an atomic beam c
taining both ground-state and metastable He atoms produ
by a hollow cathode discharge. The emission intensity fro

FIG. 1. Schematic diagram of the experimental apparatus us
2842 © 1997 The American Physical Society
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55 2843CROSS SECTIONS FOR ELECTRON EXCITATION OF . . .
the He(n 3L) atoms produced by electron-impact excitati
is measured to determine the cross sections. The elec
beam is kept below 19 eV so that only the metastables
excited, and the resulting fluorescence is detected by a
tomultiplier tube~PMT!. Ultrahigh purity He~99.9999%! is
used in the hollow cathode discharge. A high volta
constant-current power supply is used to operate the
charge and is typically run at 100 mA and 600 V. The heliu
pressure inside the discharge is roughly 7 torr. When
discharge is first started after cleaning the apparatus, it t
cally takes a day or two for the discharge to ‘‘settle’’ to the
voltage and current levels, after which it generally runs s
bly for a period of many weeks. The atoms from the d
charge effuse into the collision region through a 1 mmdiam-
eter hole at the bottom of the discharge. The emerg
atomic beam consists of both 21S and 23S metastable He
atoms, and ground state~1 1S! He atoms. Laser-induced fluo
rescence~LIF! of the atomic beam, as described in Sec.
has shown that it consists of approximately 331027 meta-
stables per ground-state He atom, of which about 17% of
metastable atoms are in the 21S level and 83% are in the
2 3S level. This gives a metastable number density of 63107

cm23 in the collision region. The metastable number dens
as well as the singlet to triplet ratio, depends on the d
charge conditions.

Electron excitation into then 3L levels will be due to
excitation out of both metastable levels, but since we h
predominantly 23S metastables, and since spin conserv
2 3S→n 3L excitation is much more favorable than sp
changing 21S→n 3L excitation, we can attribute our ob
served fluorescence signals almost entirely to excitation
of the 23S level. However, in Sec. IV A we do describe ou
observation of a small amount of 21S→n 3L excitation
which manifests itself as small shoulders in our excitat
functions.

A modulated electron beam is produced by an indirec
heated barium-oxide cathode mounted in a triode config
tion electron gun. All voltages in the electron gun are ke
below 19 V. Since the energy of the lowest excited level~the
2 3S! in He is 19.8 eV, this ensures that no excitation
ground-state atoms occurs within the gun. Helmholtz co
produce a magnetic field~coaxial to the electron beam! of
approximately 10 Gauss in order to collimate the elect
beam. A typical electron current produced by this gun is
mA at 10 eV. The electron-beam current is measured b
segmented Faraday cup@12# shown in Fig. 2. All parts of the
Faraday cup and the electron gun are thoroughly blacke
using goldblack, in order to minimize scattered light fro
both the electron gun cathode and from the discharge. T

FIG. 2. Schematic diagram of electron gun and segmented
aday cup used in the experiment.
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greatly reduces the background light seen by the PMT
significantly improves the statistics of the experiment.

The light from the excitations is collected by a quar
~f /1.3! lens located 1 focal length from the collision regio
The viewing direction is on a plane perpendicular to t
atomic beam and makes a 60° angle with the electron b
as illustrated in Fig. 1. The collimated light is then se
through a narrow bandpass filter@10 Å full width at half
maximum~FWHM!# selected for the transition of interest.
second identical quartz lens focuses the filtered light onto
photocathode of a photomultiplier tube~either anS-20 orS-1
photocathode!. The amplified pulses from the photomult
plier tube are fed into two counters: anA counter operating
when the electron beam is on, and aB counter operating
when the electron beam is modulated off. This modulation
the electron beam enables us to subtract off the large am
of background light emitted by the discharge and elect
gun cathode. The difference of the two counters (A-B) is
then divided by the electron current collected by the Fara
cup to obtain a relative signal at a given beam energy
typical background (B) count rate is 7000 counts/sec, with
signal (A-B) count rate of 300 counts/sec. With this expe
ment excitation functions out of the metastable levels c
only be obtained for electron energies less than the onse
excitation out of the ground state. Above ground-state on
signal from excitations out of the ground state dominates
to the preponderance of ground-state atoms in the ato
beam~;107 ground-state atoms per metastable!.

Since the experiment is performed at low electron en
gies, and since the voltages on the electron gun must be
low in order to prevent ground-state excitation within t
gun itself, it is difficult to ensure that the electron beam
well collimated at all energies of interest. We have a
noted that the atomic beam can significantly scatter our e
tron beam. Thus a careful check must be made to ensure
no artifacts are introduced into the shapes of the excita
functions due to spreading of the electron beam. This is d
by introducing a small amount of solid Na into the hollo
cathode discharge, which gets sputtered into the atomic b
by the energetic helium atoms. We monitor the excitat
function of the Na 589 nm (32P→3 2S) emission, and com-
pare the shape of our observed excitation function to tha
the known 589 nm optical emission excitation function@14#.
When this experiment is performed, our excitation functi
closely matches the known Na curve as long as we hav
collimating magnetic field of 10 Gauss.

We have made a number of modifications to the exp
ment since the publication of Ref.@10#. We now run the
hollow cathode discharge at twice the He pressure of R
et al.This increases the number of metastables in the ato
beam, and thus gives greater signal. Special attention
been given to making sure that the parts near the collis
region are completely covered by goldblacking. The integr
of the goldblacking is checked periodically to make sure t
it has not been damaged. This greatly reduces scattered
These improvements help us to enhance the signal to n
ratio of our excitation functions out of the 23S level by a
factor of 10 or more over the results of Rallet al.We have
also made use of anS-1 photocathode in order to obtain th
2 3P excitation function by observing the infrared~1.0829
mm! 2 3P→2 3S transition.

r-
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III. ABSOLUTE CALIBRATION

In our experiment we determine the 23Smetastable targe
density by passing a laser beam tuned to the 23S→3 3P
absorption frequency and measuring the laser-induced fl
rescence~LIF! of the 33P→2 3S emission. The LIF inten-
sity emitted, along with the known 23S→3 3P oscillator
strength, gives the 23Smetastable density, enabling absolu
measurement of cross sections for excitation out of the 23S
metastable level. The same principle for absolute calibra
was previously utilized by Rallet al. @10#. In an independen
experiment Laguset al. have used a fast~;1 keV! meta-
stable atomic beam to measure electron excitation cross
tion out of the 23S level into the 33S, 3 3P, 3 3D, and 43D
levels. They absolutely calibrate their experiment in a m
ner entirely different from the LIF method. The results
Rall et al.are about 50% higher than the results obtained
Laguset al. in the fast beam metastable experiment. In or
to resolve this discrepancy, we have performed a new a
lute calibration of this experiment, which differs from th
procedure used in Refs.@10–12# in two regards. We have
used a cw laser to perform our LIF measurement, in cont
to the use of a pulsed dye laser by Rallet al.We have also
taken advantage of our improved signal to noise ratio
examine the effects of the nonuniformity of the electron a
atomic beams on the absolute cross-section results, whic
were unable to do in the earlier experiments.

A. Method

In general, one can express the number of excitations
served per volume per second that occur when an elec
beam is sent through a target gas as the product of the
tection efficiency~h! times the electron-beam flux (J/e)
times the cross section (Q) times the target density (n)

~excitations observed!

~volume3sec!
5hS JeDQn. ~1!

Thus in order to extract cross sections from a ‘‘signal’’ me
sured in an electron excitation experiment such as this,
needs to know, in absolute terms, three things: the metas
target density, the optical and electronic collection efficien
of the apparatus used, and the current density of the elec
beam. The general technique we use is as follows. Using
LIF technique mentioned above, we ratio the metasta
electron excitation signal to the LIF signal, for which th
optical absorption cross section is known, to determine
metastable density. We also ratio the metastable electron
citation signal to the signal for electron excitation out of t
ground level~for which the electron excitation cross sectio
is known! to eliminate the need to know the optical an
electrical efficiencies of our apparatus. We directly meas
the electron-beam current using a Faraday cup.

If the number density and the electron beam are not s
tially uniform, then Eq.~1! must be written in integral form
In addition, the detection efficiency of the optics may
spatially nonuniform. We can then write

~excitations observed!

~volume3sec!
5jQE V~rW !@J~rW !/e#n~rW !d3rW,

~2!
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where we have split the detection efficiency into two partsj
for the electronic detection efficiency, andV(rW), represent-
ing the probability of collecting a photon as a function of t
position of the emitting atom. For our experiment we c
thus write two equations, one describing the (A-B) photon
counts obtained when we perform electron excitation ou
the 23Smetastable level into the 33P level ~at 10 eV!, and
another equation for the (A-B) photon counts observe
when we perform excitation out of the 11S ground level into
the 33P level ~at the energy corresponding to the peak of t
ground-state excitation function!,

~A-B!meta
3 3P~10 eV!5j3 3P→2 3SQmeta

3 3P~10 eV!b3 3P→2 3S

3E V~rW !n23S~rW !@J10 eV~rW !/e#d3rW,

~3!

~A-B!gs
3 3P~peak!5j3 3P→2 3SQgs

3 3P~peak!b3 3P→2 3S

3E V~rW !ngs~rW !@Jpeak~rW !/e#d3rW. ~4!

HereQmeta
3 3P ~10 eV! andQgs

3 3P ~peak! are the apparent cros
sections for excitation into the 33P level out of the meta-
stable level~at 10 eV! and out of the ground level~at the
peak of the ground-state excitation function!, respectively.
J10 eV(rW) and Jpeak(rW) are the electron current densities
those two energies,n2 3S(rW) andngs(rW) are the number den
sities of the metastable and ground level atoms in the co
sion region,j3 3P→2 3S is the electronic detection efficienc
for the 33P→2 3S transition, andb3 3P→2 3S is the branching
ratio. The photon counting signals for both excitation pr
cesses are obtained using exactly the same optics and
collection system, so that the electronic efficien
j3 3P→2 3S is the same as in Eqs.~3! and~4!, and the same is
true for the optical collection efficiency,V(rW). The meta-
stable excitation functions are calibrated at 10 eV since
energy is typically past any rapidly changing portion of t
excitation function and any contribution from spin-changi
excitations (21S→n 3L) should be small at this energy@12#.

One can also write a similar equation for theanalogsig-
nals due to ground-state electron excitation and laser-indu
fluorescence of the 23S→3 3P transition

Sgs~peak!5x3 3P→2 3SQgs
3 3Pb3 3P→2 3SE V~rW !ngs~rW !

3@Jpeak~rW !/e#d3rW, ~5!

E SLIF~nL!dnL5x3 3P→2 3Sb3 3P→2 3SE V~rW !n23S~rW !

3H E E s~n2n0!@w~nL ;rW !/hnL#

3D~n2nL!dndnLJ d3rW. ~6!

Here*SLIF(nL)dnL is the integratedLIF signal obtained as
the laser frequencynL is scanned across the transitio
x3 3P→2 3S is the electronic efficiency using the analog sy
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55 2845CROSS SECTIONS FOR ELECTRON EXCITATION OF . . .
tem, s~n2n0! is the optical absorption cross section at t
frequencyn for the 23S→3 3P transition ~resonant at fre-
quencyn0!, D(n2nL) is the normalized frequency distribu
tion of the laser power, andw(nL ;rW) is the laser power at the
set frequency. SinceSLIF~nL! is a sharply peaked functio
centered atnL5n0, the major contribution to the integrals i
Eq. ~6! comes from a small range ofnL nearn0. Within this
range we can separatew(nL ;rW) into spatial and frequency
components

w~nL ;rW !5w~nL!w0~rW !, ~7!

E w0~rW !d3rW51, ~8!

where we have definedw0(rW) as the normalized laser powe
spatial distribution. Furthermore, we can pull [w(nL)/hnL]
out of the integral and assign it the constant va
[w(n0)/hn0] so that

E SLIF~nL!dnL5x3 3P→2 3Sb3 3P→2 3S@w~n0!/hn0#

3E V~rW !n23S~rW !w0~rW !

3F E E s~n2n0!D~n2nL!dndnLGd3rW.
~9!

Using the fact that the laser line shape is normalized, and
definition of oscillator strength for this transition,

E D~n2nL!dnL51, ~10!

f 3 3P→2 3S5~1/pr 0c!E s~n2n0!dn, ~11!

and integrating over the frequenciesn andnL , Eq. ~9! can be
rewritten as

E SLIF~nL!dnL5x3 3P→2 3Sb3 3P→2 3S~pr 0c f3 3P→2 3S!

3@w~n0!/hn0#E V~rW !n23S~rW !w0~rW !d3rW.

~12!

Here r 0 is the classical radius of the electron,c is the speed
of light, and f 3 3P→2 3S is the oscillator strength as defined
Eq. ~11!. Using Eqs.~3!, ~4!, ~5!, and~12!, we can obtain an
expression for the electron excitation cross section out of
2 3S metastable level into the 33P level in terms of known
and directly measurable quantities
e

he

e

Qmeta
3 3P~10 eV!5F ~A-B!meta

3 3P~10 eV!/I 10 eV

~A-B!gs
3 3P~peak!/I peak

GFSgs~peak!I peak G
3F E SLIF~nL!dnL

w~n0!
G21

Fpr ec f2 3S→3 3Pe

hn0
G

3F E V~rW !n23S~rW !w0~rW !d3rW

E V~rW !n2 3S~rW !J0
10 eV~rW !d3rW

G , ~13!

I peak5E Jpeak~rW !d3rW, ~14!

I 10 eV5E J10 eV~rW !d3rW5I 10 eVE J0
10 eV~rW !d3rW. ~15!

We note thatw0(rW) andJ0
10 eV(rW) are normalized functions

for the laser and electron-beam spatial distributions, so
can take the absolute magnitudes of the laser power and
tron current out of the integrands for convenience. We n
that Eq.~13! is independent of the ground-state cross sect
used in Eqs.~4! and~5!. The terms in the first bracket of Eq
~13! are experimentally measurable quantities obtained w
we measure our photon counting signals for excitation i
the 33P out of the metastable level and out of the grou
level. The terms in the second and third brackets are m
sured during the LIF calibration procedure as described
Sec. IV. The terms in the fourth bracket are all known co
stants. The terms in the final bracket are the beam ove
integrals, and they are described in more detail in the S
III C of this paper.

B. The LIF apparatus

To generate the necessary light for the LIF calibration,
used a Ti:Sapphire laser pumped by a 9 W Ar1 laser to pro-
duce a bright beam at 7778 Å, and then used an angle-tu
LiIO3 crystal to double the beam frequency, producing lig
at 3889 Å. A schematic of the entire apparatus is shown
Fig. 3. A lens focuses the approximately 800 m
Ti:Sapphire beam onto the LiIO3 crystal, and the emerging
beam, containing both the fundamental~7778 Å! and
doubled~3889 Å! light, strikes a mirror and is sent toward
the vacuum chamber. The intense fundamental light, and
other stray light collinear to the laser beam, is filtered o
using the two interference filters shown, the first filter bei
a Corning colored glass filter, and the second filter is a 10
FWHM filter centered at 3900 Å. Two lenses collimate t
laser beam and create an adjustable spot size at the
chamber. A chopper wheel operating at 170 Hz chops
beam on and off before it enters the main chamber. A typ
cw ~3889 Å! beam power achieved in the experiment, at t
main chamber, is 1.5–2mW. The same photomultiplier tube
interference filter, and optics that are used in recording
photon counting excitation functions are used to observe
fluorescence signal caused by the laser beam exciting
metastable beam. The reference signal from the chop
wheel and the output voltage from an electrometer, wh
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2846 55PIECH, LAGUS, ANDERSON, LIN, AND FLANNERY
reads the photomultiplier tube current, are fed into a lock
amplifier. The output signal of the lock-in amplifier is re
corded by a computer. The laser entrance and exit port
the chamber are both Brewster windows oriented to g
minimum reflection for the vertically polarized 3889
beam. On the far side of the chamber the laser-beam pow
continuously monitored using a photodiode.

In order to obtain the integrated LIF sign
@*SLIF(vL)dvL#, we scan the Ti:Sapphire laser by tilting i
birefringent filter stack with a stepping motor. This scans
fundamental beam frequency at a known rate~approximate
0.30 GHz/sec!, and thus also scans the doubled-beam
quency at twice that rate. The laser frequency, and thus
scan rate, is recorded using a model WA-1500 wave m
from Burleigh Instruments. Once a scan is performed,
numerically integrate the resulting fluorescence curve w
the computer. We determined the scattered light contribu
to the observed signal by tuning the laser slightly off re
nance, so that no LIF signal was present. When the la
beam was properly aligned, the contribution of the scatte
light signal was small~,5%! when compared to the LIF
signal, and this small constant background was subtra
from our integrated fluorescence signal. As was previou
mentioned, we also record a ground-state excitation signa
chopping the electron beam at 170 Hz, and recording
ground-state excitation signal at its peak with the detec
system unchanged. This ensures that all optical or electr
collection efficiencies of the ground-state excitation and la
excitation are identical, and thus that the efficiency fact
cancel.

C. The beam profiles

In order to calculate the last bracketed term in Eq.~13!,
we have to obtain information on the optical profile of o
apparatus, and on the three beams involved in
experiment—the laser, electron, and metastable beams
measure the optical profileV(rW) ~optical collection effi-
ciency as a function of the position from which a photon
emitted! of our apparatus, we translated a point source
light across the collision region. The point source consis
of a hollow 3/169 diameter aluminum tube with a 0.33 mm

FIG. 3. Experimental setup for laser-induced fluorescence~LIF!
calibration of the experiment.
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diameter hole drilled in its side. An optical fiber inserted in
the tube provided the light source. The aluminum tube w
mounted on a translation stage and the PMT signal was
corded as the tube was translated through the collision re
of the experiment. The result was a nearly Gaussian opt
profile with a FWHM of 4.0 mm.

In order to obtain the metastable number dens
n2 3S(rW) as a function of position, we used a small diame
~;0.5 mm! laser beam to measure the LIF signal as we v
ied the location of the beam. The resulting LIF signals ga
us a rough measure of the metastable density at diffe
locations. We varied the location of the laser beam both h
zontally and vertically. We have determined that the me
stable density decreases by less than 5% for measurem
made up to a position of62 mm from the beam axis at
distance below the aperture ofz513 mm. The metastable
density falls off as 1/z2 in the vertical direction. These mea
surements are consistent with the metastable atoms eme
from a nearly point source~the small aperture in the hollow
cathode! with a cosu distribution, whereu is the angle made
with respect to the beam axis.

In the previous calibration of Refs.@10–12#, it was as-
sumed that the laser and electron beams had nearly the
distributions ~Gaussian, FWHM53 mm!, so that the final
bracketed term in Eq.~13! would reduce to a value of 1. Thi
assumption seemed reasonable based on our laboratory’
perience with electron beams, and the final bracketed t
should be relatively insensitive to small mismatches in
sizes of the two beams. Due to the design of the apparatu
is very difficult to measure the electron-beam profile, and
definitive measurement of it was ever made. Since we
quire data at low electron energies, and we must keep
electron gun grids below 19 V to prevent ground-state ex
tation, the electron beam is not well collimated. There is a
significant scattering of the electron beam by the atom
beam itself. This is why we have a segmented Faraday
@12#, with the first segment surrounding most of the collisi
region. Approximately 15–25% of the electron current w
collected on the first segment of the Faraday cup at ener
below 20 eV.

Due to the experimental design, it is physically impo
sible to translate a thin wire across the collision region
order to obtain an electron beam profile, as in the fast be
experiment described by Laguset al. Instead, we assume
Gaussian distribution for our beam profile and use the e
tron current information provided by our segmented Fara
cup to determine the width of the beam at different positio
along the Faraday cup. We obtain an estimate of the be
width at the end of each segment shown in Fig. 2 by cal
lating the FWHM of the Gaussian that would allow the me
sured percentage of the total current to pass through
segment. We then use a computer to fit a function for
beam width versus position in the Faraday cup to our m
sured data, and from this function obtain the beam width
the collision region. Using this technique, we calculate t
the electron beam in the collision region has a FWHM of 5
mm.

D. Absolute calibration of the other n 3L cross sections

Once the 23S→3 3P cross section is known, the cros
sections for other triplet levels excited out of the 23Smeta-
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stable level can be obtained using a ratio technique. F
given upper level (n 3L), we obtain both an excitation func
tion out of the metastable level for energies up to about
eV, and an excitation function out of the ground state
energies up to 100 eV. For a given upper level (n 3L), let us

express the electron excitation signals as (A-B)meta
n 3L ~10 eV!

and (A-B)gs
n 3L ~peak!, which are the observed (A-B) counts

for the n 3L→m 3K radiation due to metastable excitatio
~at 10 eV! and due to excitation from the ground state~at its
peak!, respectively, as follows:

~A-B!meta
n 3L~10 eV!5jn 3L→m 3KQmeta

n 3L~10 eV!bn 3L→m 3K

3E V~rW !n2 3S~rW !@J10 eV~rW !/e#dV,

~16!

~A-B!gs
n 3L~peak!5jn 3L→m 3KQgs

n 3L~peak!bn 3L→m 3K

3E V~rW !ngs~rW !@Jpeak~rW !/e#dV. ~17!

We have already written similar equations for excitation in
the 33P level as Eqs.~3! and ~4!, for which we have ob-
tained an absolute apparent cross section out of the m
stable level~using LIF!. We can now combine Eqs.~3!, ~4!,
~16!, and~17! to obtain

Qmeta
n 3L~10 eV!5F ~A-B!meta

n 3L~10 eV!/I 10 eV

~A-B!gs
n 3L~peak!/I peak

G
3F ~A-B!gs

3 3P~peak!/I peak

~A-B!meta
3 3P~10 eV!/I 10 eVG

3FQgs
n 3L~peak!

Qgs
3 3P~peak!

GQmeta
3 3P~10 eV!, ~18!

where theI ’s represent the total electron currents for t
respective signals. We retain theI ’s next to their respective
signals in the equation since then 3L→m 3K and
3 3P→2 3S emissions may be measured under slightly d
ferent experimental conditions. This equation expresses
desired cross section in terms of eight experimentally m
surable quantities, the four signals and their correspond
electron currents, and three known quantities, the
ground-state cross sections and the metastable cross se
obtained through LIF. As long as the ground-state and m
stable excitation functions for a given upper level are tak
with the same optical and electronic systems, we can ob
an absolute cross section for any upper level. We note tha
of the cross sections in the above formulas areapparent
cross sections, where the apparent cross section is defin
the cross section for direct excitation into the specified le
plus any cascade contribution@15#

Qj
app5Qj

dir1(
i. j

Qopt~ i→ j !. ~19!
a
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We also note that our absolute calibration only depe
upon the ratios of the ground-state apparent cross sec
used for the two given levels, not on their absolute mag
tudes. The apparent cross sections for excitation out of
ground level are obtained from the results of St. John, Mill
and Lin @16#, Jobe and St. John@17#, and Moustafa Moussa
DeHeer, and Schutten@18#. All metastable cross sections ob
tained through this method are dependent on an accu
value for the 33P cross section. Any time a revised value f
the 33P, cross section is obtained, however, all the cro
sections obtained through this ratio technique may be ea
rescaled.

E. The 23S˜3 3P excitation cross section

After all the beam profiles were obtained, we were able
calculate the integrals expressed in Eq.~13!. In order to de-
termine the sensitivity of our calculation to our beam profi
measurements, we generously varied the beam param
used in our analysis~electron beam FWHM 5.562 mm, laser
beam FWHM 0.7560.5 mm, optical profile FWHM 4.061
mm!. By far the largest contribution to the uncertainty of o
absolute calibration is our lack of information about the s
of the electron beam. With the above variations, we fou
the resulting uncertainty in the cross section to be634%.
This uncertainty estimate, along with the total uncertainty
the other measurements in Eq.~13! of 628%, gives an over-
all uncertainty of645%. A summary of the various unce
tainty contributions to our absolute calibration is given
Table I. We found a resulting 23S→3 3P electron excitation
apparent cross section of~2.261.0!310216 cm2 at 10 eV.
This result represents a significant change from the resu
Rall et al., which was~3.061.0!310216 cm2. Since we now
have a more complete understanding of the beams in
experiment, this new result is more accurate. Subtrac

TABLE I. Sources of error for absolute calibration o
2 3S→3 3P cross section. Symbols shown are those used in
~13! of the text.

Description
Contribution
to Uncertainty

Metastable photon
counting signal

(A-B)meta
3 3P ~10 eV! 10%

Ground-state photon
counting signal

(A-B)gs
3 3P ~peak! 5%

Ground-state analog signal Sgs(peak) 5%
Electron current at 10 eV I 10 eV 2%
Electron current at
ground-state peak

I peak 2%

Integrated LIF signal E SLIF~nL!dnL

20%

Laser Power w(n0) 15%

Subtotal 28%

Optical profile V(rW) 15%
Laser-beam profile w0(rW) 15%
Electron-beam profile J0

10 eV(rW) 25%
Metastable-beam profile n2 3S(rW) 10%

Profiles subtotal 34%
Overall Uncertainty 45%
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2848 55PIECH, LAGUS, ANDERSON, LIN, AND FLANNERY
cascade contributions, we obtain a 23S→3 3P direct elec-
tron excitation cross section of~1.460.6!310216 cm2. Lagus
et al., with their completely independent absolute calibrati
of the fast beam experiment, obtained a cross section
~1.660.6!310216 cm2, in excellent agreement with our ex
periment.

In comparison to the work of Rallet al., our experiment
involves a more detailed examination of the profiles of
electron beam, atomic beam, and laser beam. The effec
the overlaps of the various beams profiles on the excita
signals are analyzed in the present work. Our experim
also was carried out using a very low-power cw laser for
LIF calibration, whereas the experiment of Rallet al.used a
high-power pulsed laser, for which checking for saturat
effects can be difficult. One final point that should be ma
is that our experiment has a signal to noise about ten ti
higher than the experiment of Rallet al. This is primarily
due to a higher metastable atom density in the target.
high signal to noise ratio in our experiment enables us
carry out diagnostic experiments that Rallet al. could not,
and also enables us to obtain much improved measurem
of the cross sections as functions of energy. We believe
present analysis to be more complete and accurate, and
gives results that are generally lower than those of Rallet al.

IV. RESULTS

A. The n53, 4, and 5 levels

Figures 4–6 show excitation functions obtained using
techniques described in Sec. III and Table II contains al
our apparent cross-section results. All excitation functio
are absolutely scaled by determining their cross section
10 eV. Then53, 4, and 5 levels all show a pattern of sharp
peaked excitation functions for the 23S→n 3S and
23S→n 3P excitations, and broad, fairly flat excitation fun
tions for the 23S→n 3D. The peaks of the 23S→n 3S ex-
citation functions occur at lower energies and are distinc
sharper than the peaks of the 23S→n 3P excitation func-
tions. The 23S→5 3P excitation cross sections are not i

FIG. 4. Absolute apparent cross sections measured for excita
out of the 23S metastable level into then53 triplet levels. The
error bars shown represent statistical error only, not the uncerta
due to the absolute calibration of the experiment.
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cluded in Fig. 6 and Table II because the signal-to-noise r
of emissions that we have measured from the 53P level is
too low to determine the cross sections with sufficient ac
racy.

Figure 7 shows the onsets of the 33S and 33P, and 33D
excitation functions in greater detail. We make special n
of the shoulders that occur in these onsets. For the 33S we
observe a distinct bump that starts approximately 0.5 eV
low the onset of the larger main peak of the excitation fun
tion. For the 33P and 33D, we also observe shoulders in th
onset of the excitation functions, although they are less
tinct than in the case of the 33S. We believe that these
bumps may be due to the presence of 21Smetastables in our
atomic beam, which previous measurements have show
be about 6–17% of the total number of metastables@10–12#.
Because the 21S level is higher in energy than the 23S, the

on

ty

FIG. 5. Absolute apparent cross sections measured for excita
out of the 23S metastable level into then54 triplet levels. The
error bars shown represent statistical error only, not the uncerta
due to the absolute calibration of the experiment.

FIG. 6. Absolute apparent cross sections measured for excita
out of the 23S metastable level into then55 triplet levels. The
error bars shown represent statistical error only, not the uncerta
due to the absolute calibration of the experiment.
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onset of excitation into ann 3L level out of the 21S level
should occur 0.8 eV before the onset of excitation out of
2 3S level. The energy spread of our electron beam is ab
0.5 eV ~FWHM!. The 21S→n 3L excitation functions
should drop off rapidly with energy, since they are of t
spin-changing type, in contrast to the 23S→n 3L excitation
functions. The relatively small percentage of 21S meta-
stables, combined with the spin-changing nature of
2 1S→n 3L excitation, may account for the small size of th
singlet bump relative to the triplet peak that follows. The
small bumps thus show that we do observe a small amoun
2 1S→n 3L excitation, but it should provide a negligibl
contribution to ourn 3L excitation functions, especially a
energies significantly greater than onset because of the r

FIG. 7. Expanded view of the onset of excitation for then53
triplet levels. The error bars shown represent statistical error o
The threshold energies for excitation into then53 triplet levels out
of the 23S level and out of the 21S levels are marked by the
vertical lines.

TABLE II. Apparent cross sections for excitation of th
2 3S→n 3L level of He measured by this experiment. All cro
sections are in units of 10216 cm2. Absolute uncertainty of the cros
sections is645%.

Incident
Energy
~eV!

Qapp(2 3S→n 3L)

2 3P 3 3S 3 3P 3 3D 4 3S 4 3P 4 3D 5 3S 5 3D

2 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
3 113 1.20 0.65 0.20 0.00 0.00 0.00 0.00 0.0
4 117 5.70 4.56 4.40 0.33 0.15 0.41 0.12 0.0
5 116 3.88 3.90 6.40 1.42 1.06 0.92 0.62 0.2
6 110 3.50 3.20 7.30 0.87 0.86 1.12 0.36 0.3
7 109 3.30 2.81 7.25 0.75 0.77 1.20 0.30 0.4
8 108 3.15 2.45 7.20 0.70 0.63 1.26 0.28 0.4
9 107 3.05 2.25 7.10 0.69 0.57 1.27 0.27 0.4
10 106 3.01 2.23 6.79 0.66 0.56 1.26 0.25 0.
12 95 3.01 2.00 6.35 0.64 0.47 1.20 0.27 0.4
14 84 2.91 1.90 5.70 0.64 0.46 1.18 0.27 0.4
16 80 2.75 1.84 5.40 0.63 0.44 1.14 0.27 0.3
18 78 2.71 1.75 5.20 0.62 0.44 1.11 0.27 0.3
e
ut

e

e
of

id

decrease in cross section with energy for singlet to trip
excitation.

B. The 23S˜2 3P cross section

The cross section for excitation into the 23P level from
the 23S level is of special interest. These two levels are on
1.1 eV apart, and the 23S→2 3P transition has a large os-
cillator strength, f ik(2

3S→2 3P)50.5391 versus
f ik(2

3S→3 3P)50.064 46, so one expects an extreme
large electron excitation cross section. Unfortunately, t
only emission out of the 23P level occurs at 1.08mm in
wavelength which is at the far edge of the photomultiplie
sensitivity spectrum. We use anS-1 photocathode~Ham-
matsu R1767!, specially selected for its sensitivity at this
infrared wavelength. The quantum efficiency of the phot
cathode is generally less than 0.1% at this waveleng
greatly reducing the signal relative to what we could obta
for emission from other levels. To compound this problem
background radiation at this wavelength is large, due to t
blackbody emission of the electron gun cathode, and due
light from the hollow cathode discharge. However, becau
of the extremely large size of the 23P cross section, we were
able to observe an excitation function with signal to nois
ratio comparable to that achieved with then55 levels. The
observed excitation function is shown in Fig. 8.

The 23S→2 3P excitation function clearly does not show
the sharp peak that we have observed for the 23S→3 3P and
2 3S→4 3P excitation functions. This shape difference ma
possibly be attributed to the energetic nearness of the 23P
level to the 23S metastable level~1.1 eV! and to the ultra-
strong collisional coupling between these two levels. In N
we find a similar trend in which the 32S→3 2P excitation
function has a broader peak than the excitation functions
the higher members of the 32S→n 2P family @14#.

Our measured 23P peak apparent cross section i
117310216 cm2, from which we obtain a peak direct cros
section of 112310216 cm2 ~see Sec. IV C!. This is a factor of
16 greater than the next largest peak direct cross section~the

y.

FIG. 8. Absolute apparent cross sections measured for excita
out of the 23S metastable level into the 23P level. The error bars
shown represent statistical error only, not the uncertainty due to
absolute calibration of the experiment.
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3 3D! that we observed. Theoretical calculations also h
predicted an enormous 23P direct cross section, as much a
a factor of 20 larger than the 33D @1–7#.

Muller-Fiedler et al. @19# have previously measured di
ferential cross sections for He 23S→2 3P excitation. They
used a cold-cathode discharge as the source of their m
stable He, and obtained differential cross-section curves
matched well with the angular dependence of the differen
cross section as calculated by Flannery and McCann@2#.
However, Muller-Fiedleret al. obtained absolute values th
were consistently a factor of about three larger than the
culations of Flannery and McCann. Due to the lack of sm
angle differential cross sections in the results of Mull
Fiedleret al., we are unable to integrate their data to obtai
2 3P integral cross section for comparison with our measu
ment.

C. Cascade contributions and direct excitation cross sections

With our more complete data set, we can now determ
the cascade into the levels that we have observed. We do
by subtracting off from the apparent cross section the sum
all the optical emission cross sections that cascade into i
accordance with Eq.~19!. For example, the 33S apparent
cross section contains a cascade contribution from
3 3P→3 3S transition. Although we have not measured t
3 3P→3 3S emission cross section, we can obtain its va
from our measured 33P→2 3S emission cross section, alon
with the EinsteinA coefficients for the two transitions in
volved through the relation

Qopt~3 3P→3 3S!5Qopt~3 3P→2 3S!3
A~3 3P→3 3S!

A~3 3P→2 3S!
.

~20!

We find that the 33P→3 3S cascade amounts to only 8.1%
of the apparent cross section of the 33S level at 10 eV.
Similarly, one finds that the 43P→3 3S cascade amounts t
1.7% of the apparent cross section of the 33S level at 10 eV.
As mentioned earlier, we measured 53P→2 3S emission
signal, but the signal-to-noise ratio in our experiment is
small to give reliable emission cross sections for this tran
tion. Nevertheless, we used it to estimate the cascade
the 53P into the 33S ~the 53P→3 3S emission cross sec
tion!, and the 53P→3 3S cascade amounted to,1% of the
3 3S cross section. We have not measured excitation c
sections for levels withn.5, and therefore cannot exper
mentally determine their cascade from these levels. H
ever, we can estimate their cross-section values by multi
ing our measured 43P cross section by the ratio of then 3P
to the 43P cross sections as calculated by the Born appro
mation ~see explanation in Sec. V A!. The cascade into the
3 3S from then 3P is then calculated using the this approx
matedn 3P cross section and the appropriate branching ra
obtained from the transition probabilities@20,21#. We find
the cascade into the 33S level from levels withn.5 to be
,1% of the apparent cross section. We have performe
similar cascade analysis for the 43S level and 53S level.

The 23P level is most favorable for cascade analy
since we have directly measured the optical emission c
sections for then 3S→2 3P and n 3D→2 3P cascades
throughn55. We estimate the cross sections for the hig
e
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n 3S andn 3D levels by the procedure described in the la
paragraph, and combine them with the appropriate branch
ratios to obtain then 3S→2 3P and n 3D→2 3P cascade
cross sections forn.5. We find that 9% of the apparen
cross section comes from cascade from then53 levels, 1%
from cascade then54 levels, 0.4% from cascade from th
n55 levels, and 0.2% from cascade from the levels ofn56
through 10. This yields a cascade of about 11% of the
parent cross section. Using the same techniques, we find
for the 33P level 24% of the apparent cross section com
from cascade from then54 levels, 7% from cascade from
then55 levels, and 7% from cascade from the levels ofn56
through 10. We have performed a similar analysis for
4 3P level.

The n 3P→3 3D emissions produce a negligible casca
correction~about 1%! to the 33D cross section because the
emissions are relatively weak and because the 33D cross
section is large. We have, however, no knowledge of
n 3F→3 3D cascade because excitation cross sections ou
the 23S into the F states have not been measured. In
absence of experimental data we neglect the cascade
theF levels. In view of the very large 33D cross section, this
approximation is likely to be valid, but experimental me
surements are needed for a definitive answer. For the 43D
and 53D level similar analyses show the cascade correcti
due to emission from then 3P levels are much less than th
experimental uncertainty of the apparent cross sections.
cascade from then 3F levels are again neglected. The dire
excitation cross sections from 2 to 18 eV for the vario
levels studied are shown in Table III.

D. Comparison with previous experiments

Laguset al. @13# recently reported measurements of ex
tation cross sections out of the He~2 3S! metastable level into
the 33S, 3 3D, and 43D levels up to 600 eV. They produce
their metastable target by charge exchange of Cs atoms
a He1 beam at 1.6 keV. The resulting fast metastable be

TABLE III. Direct cross sections for excitation of the
2 3S→n 3L level of He estimated from apparent cross-section m
surements of this experiment. All cross sections are in units
10216 cm2. Absolute uncertainty of the cross sections is645%.

Incident
Energy
~eV!

Qdir(2 3S→n 3L)

2 3P 3 3S 3 3P 3 3D 4 3S 4 3P 4 3D 5 3S 5 3D

2 80.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
3 112.0 1.13 0.65 0.20 0.00 0.00 0.00 0.00 0.
4 106.3 5.19 4.29 4.39 0.33 0.12 0.41 0.12 0.
5 103.6 3.30 2.68 6.31 1.38 0.79 0.89 0.61 0.
6 96.5 3.02 2.23 7.22 0.84 0.65 1.09 0.35 0.3
7 95.7 2.88 1.89 7.18 0.71 0.58 1.17 0.29 0.4
8 95.0 2.79 1.54 7.14 0.67 0.44 1.24 0.27 0.4
9 94.2 2.72 1.36 7.05 0.67 0.39 1.25 0.27 0.4
10 93.7 2.68 1.37 6.74 0.64 0.38 1.24 0.25 0.
12 83.5 2.71 1.14 6.31 0.62 0.29 1.18 0.27 0.
14 73.6 2.63 1.05 5.66 0.62 0.28 1.16 0.27 0.
16 70.2 2.48 1.01 5.36 0.61 0.26 1.12 0.27 0.
18 67.6 2.45 0.93 5.16 0.60 0.26 1.09 0.27 0.
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has only a small fraction of ground-state He atoms, so
they were able to study excitation out of the metastable le
at energies above the onset for ground-state excitation. T
obtained absolute cross sections by measuring the metas
beam density, electron-beam density, and the fluoresc
resulting from the electron-impact excitation out of the 23S
metastable level and out of the ground level. Thus th
method of absolute calibration is entirely different from t
LIF technique described in Sec. III. At 10 eV their cro
sections, in units of 10216 cm2, for the 33S, 3 3D, and 43D
levels are 2.5, 1.6, 6.3, and 1.1, respectively, in good ag
ment with the corresponding results of 2.7, 1.4, 6.7, and
from the present work. We also compare the cross sect
from the two experiments at other energies in Figs. 9–11
the agreement is very good.

FIG. 9. Comparison of direct excitation cross sections of t
experiment and those of Laguset al. @13# with various theoretical
calculations for 23S→3 3S excitation. The error bars shown repr
sent statistical error only.

FIG. 10. Comparison of direct excitation cross sections of t
experiment and the measurements of Laguset al. @13# with various
theoretical calculations for 23S→3 3P excitation. The experimen
tal results are shown with statistical error bars only.
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The cross sections of Laguset al. differ drastically from
those reported by Gostevet al.and by Mityureva and Penkin
@8,9#. In Ref. @13# Lagus et al. compared their data with
those of Refs.@8# and@9#. Since our results are very close t
those of Laguset al., we have no further comments to add

E. Comparison with theoretical calculations

Laguset al.have presented a detailed comparison of th
2 3S→3 3S and 23S→3 3D excitation cross sections with
theoretical calculations based on numerous different me
ods: the multichannel eikonal theory~MET! @2#, the
R-matrix method~RMM! @6#, the distorted-wave approxima
tion ~DWA! @5#, the updated multichannel eikonal theor
~DMET! @3#, two versions of the first-order many-bod
theory ~FOMBT! @7#, and the convergent close-couplin
method~CCC! @4#. In Figs. 9–12 we display the theoretica
values calculated by the various methods, along with o
own experimental results~and also of Ref.@13# where avail-
able!, in the 0–30 eV energy range for the 23S→3 3S,
2 3S→3 3P, 2 3S→3 3D, and 23S→2 3P excitation func-
tions. Also included for comparison are the Born
approximation cross sections@1#. The curves for the theoret-
ical values in those figures are obtained by joining the cro
section values given in the original papers. A critical analy
of the results of the different sets of calculation is beyond t
scope of this paper. On the whole, the RMM exhibits th
most consistent agreement with our experimental data. T
large spread of the theoretical cross sections based on di
ent methods is a reflection of the difficulty of an accura
theoretical treatment of electron-impact excitation out of e
cited states. It is gratifying to see the increased level of th
oretical efforts in this subject in recent years.

V. DISCUSSION

A. Magnitude of the excitation cross sections

The He 23S→2 3P excitation cross section that we ob
tain ~11.2310215 cm2 at the peak of the excitation function!
is an exceptionally large cross section. A similar excitati

s

s

FIG. 11. Comparison of direct excitation cross sections of th
experiment and those of Laguset al. @13# with various theoretical
calculations for 23S→3 3D excitation. The error bars shown rep
resent statistical error only.
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2852 55PIECH, LAGUS, ANDERSON, LIN, AND FLANNERY
process is the excitation of the first resonant level in t
alkali-metal atoms for which the peak cross sections
4.1310215 cm2 for Li(2 2S→2 2P), 3.6310215 cm2 for
Na(32S→3 2P), and 4.7310215 cm2 for K(4 2S→4 2P)
@23,14,22#. While these three alkali-metal cross sections a
rather close, they are about three times smaller then the
cross section. In fact, the case of He(23S→2 3P) represents
the largest electron-atom excitation cross section that we
aware of.

For excitation out of the 23S level into the highern levels
an obvious feature is that then 3P level has the smallest
cross section among the triplet levels of the samen. This is
in contrast with the trend observed for excitation out of t
ground level of He, for which electron excitation into leve
corresponding to dipole-allowed optical transitions ha
much larger cross sections than excitations into dipo
forbidden levels of the samen. While theoretical calculations
based on several different methods predict a smaller cr
section for the 23S→3 3P than the 23S→3 3S and
2 3S→3 3D excitations, such a reversal in the relative ma
nitudes appears surprising at first sight. To better underst
it, let us draw an analogy between electron excitation a
optical excitation and associate the 23S→n 3P and
2 3S→n 3D electron excitations with the optical dipole an
quadrupole absorptions, respectively. This analogy is qu
titative only for forward scattering, but we apply it here t
the integrated cross sections for the purpose of illustrati
The dipole matrix elements for the 23S→n 3P, m50 series
satisfy the sum rule

(
n

u^2 3Suzun 3P, m50&u25^2 3Suz2u2 3S&. ~21!

The 23S and 23P levels are close together and their radi
wave functions overlap strongly, so that the matrix eleme
between them is exceptionally large. The constraint of
sum rule tends to reduce the other matrix elements in
series. Carrying this analogy to electron-impact excitatio
we see that the 23S→3 3P excitation cross section is re

FIG. 12. Comparison of the direct excitation cross sections
this experiment with various theoretical calculations for 23S→2 3P
excitation. The experimental results are shown with statistical er
bars only.
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duced because of the unusually large 23S→2 3P cross sec-
tion. For the 23S→n 3D excitation one has the quadrupo
sum rule,

(
n

u^2 3Su2z22x22y2un 3D,m50&u2

5^2 3Su~2z22x22y2!2u2 3S&, ~22!

but there are no corresponding extraordinary large cross
tions analogous to the 23S→2 3P excitation to reduce the
2 3S→3 3D cross section.

For excitation out of the ground state, one also has
sum rule of the form

(
n

u^1 1Suzun 1P, m50&u25^1 1Suz2u1 1S&. ~23!

However, thê 1 1Suzu2 1P& matrix element is not exception
ally large, and it does not cause a severe reduction of
matrix elements of the higher members the way
^2 3Suzu2 3P& element does. This is reflected by the relati
cross sections. The ratio of the 11S→2 1P to the 11S→3 1P
excitation cross section~peak values! is about 3:1, whereas
in the case of electron-impact excitation out of the 23S level,
the ratio of the 23S→2 3P cross section to the 23S→3 3P
cross section at 10 eV is 69:1. An explanation of a simi
nature offered by Flannery and McCann@2# is that the reduc-
tion of the 23S→3 3P excitation cross section results from
the overlap between the 2s and 2p radial wave functions and
the orthogonality between the 2p and 3p orbitals.

It is also possible to apply the same considerations to
atoms. Thê 3suzu3p& matrix element is known to be enor
mous. The cross sections for excitation from the 32S into the
highern 2P levels are small compared to the cross sect
for excitation into the 32P level. For instance, at 10 eV th
cross sections for excitation from the 32S level of Na into
the 32P, 4 2P, 5 2P, and 62P are 35.6310216 cm2,
0.585310216 cm2, 0.143310216 cm2, and 0.0411310216

cm2, respectively@14#. Here we see a drastic drop from th
lowest member to the next higher one~a factor of 60!, but a
much more gentle variation above the 42P. For the diffuse
series in Na, the excitation cross sections for the 32D, 4 2D,
5 2D, and 62D levels at 10 eV are 3.67310216 cm2,
0.842310216 cm2, 0.346310216 cm2, and 0.168310216 cm2,
respectively@14#. The reduction factor is 4.4 from the 32D
to the 42D and 2.4 from the 42D to 5 2D, in contrast to the
much more drastic reduction in then 2P series. Here the
n 2P cross sections are seen to be smaller than the co
spondingn 2D for n54, 5, and 6, similar to excitation out o
the He~2 3S! level.

Table III also shows that the 23S→4 3P excitation cross
sections of He are also smaller than the correspond
2 3S→n 3S and 23S→n 3D cross sections. Preliminar
measurements~not shown in Tables II or III! suggest that the
5 3P cross section is also smaller than the 53S and 53D
cross section. It is also interesting to note the same tren
Na, i.e., both the 32S→n 2S and 32S→n 2D cross sections
are larger than the 32S→n 2P cross sections.

While Figs. 9–12 show only moderate agreement of
Born cross sections with the experimental values, it is, n
ertheless, instructive to use the Born approximation to a
lyze the trend of variation of the excitation cross sectio
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with n for eachL family and compare this with our measur
ments. In Table IV we list the values of the cross-sect
ratios Q(2 3S→n 3L)/Q(2 3S→[n11] 3L) for the S, P,
andD series obtained from our measurements at 10 eV
from Born calculations at 10 and 40 eV. The Born cro
section ratios are nearly the same at the two electron ene
shown for the 23S→n 3L excitations except for the ratio
involvingQ(2 3S→2 3P). We see a reasonable agreemen
the cross-section ratios between the Born calculations
our experimental data. The results shown in Table IV s
gest that in the absence of experimental measurement a
timate of the 23S→n 3L excitation cross section for
high-n level can be obtained by using the Born approxim
tion to calculate theQ(2 3S→n 3L)/Q(2 3S→4 3L) and tak-
ing the product of this ratio times the experimental value
Q(2 3S→4 3L).

B. Shape of the excitation functions

One can also compare the shapes of the He(23S→n 3L)
excitation functions to the shapes of the excitation functio
out of the ground states of the Na@14# and Li @23,24# into the
corresponding excited states. Figures 13–15 show som
these comparisons. In Fig. 13 we plot the normalized res
~normalized at 10 eV! of the He(23S→2 3P) excitation
function along with those of the Li(22S→2 2P) and
Na(32S→3 2P) excitation functions. These three curv
represent excitation into the firstP level above the initial
level. One can see that all three curves have relatively
maxima, with the He(23S→2 3P) declining slightly faster
with increasing energy than the two alkalis. Figure 14 sho
excitation functions into the firstS level above the initial
level—He(23S→3 3S), Li(2 2S→3 2S), and Na(32S
→4 2S). These excitation functions show remarkable sim
larity in shape, with all three having a narrow peak just af
onset. Likewise, one can compare excitation functions i
the first D levels—He(23S→3 3D), Li(2 2S→3 2D), and
Na(32S→3 2D). Figure 15 shows that the curves for th
He(23S→3 3D) and Li(22S→3 2D) are very alike,
whereas the Na(32S→32D) excitation function shows ap
preciable deviation below 7 eV. For further comparison
also plot in Fig. 15 the shape of the Na(32S→4 2D) excita-
tion function which is seen to be remarkably close to the
and Li curves.

In Fig. 16 we show the shape of the excitation functio
calculated by the Born approximation@25#, for excitation out
of the 23S into the 33S, 3 3P, and 33D. The 33P excitation
function has the sharpest peak near the onset but dec

TABLE IV. Direct cross-section ratios obtained from expe
ment and from the Born approximation.

Experiment
~10 eV!

Born
~10 eV!

Born
~40 eV!

Q(2 3S→3 3S)/Q(2 3S→4 3S) 4.2 4.9 4.8
Q(2 3S→4 3S)/Q(2 3S→5 3S) 2.6 2.6 2.6
Q(2 3S→2 3P)/Q(2 3S→3 3P) 69 118 67
Q(2 3S→3 3P)/Q(2 3S→4 3P) 3.6 3.7 3.2
Q(2 3S→3 3D)/Q(2 3S→4 3D) 5.4 4.1 4.2
Q(2 3S→4 3D)/Q(2 3S→5 3D) 3.2 2.5 2.5
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more slowly at higher energies, whereas the 33S and 33D
excitation functions are rather similar. This trend is differe
from our experimental observation of the 33D excitation
function having the broadest peak and the 33S the narrowest.
Although the experimental data shown in Fig. 4 are the
parent excitation functions, the same trend holds for the
rect excitation functions. We can also examine the variati
of the excitation functions within a series of 23S→n 3L ex-
citations~n>3! for a givenL. The shapes of the excitatio
functions calculated by the Born approximation for differe
n within anL series are very similar, and the same is true
the measured excitation functions~Figs. 4–6! even though
the theoretical and experimental shapes do not agree
with each other. Because of this constancy in the shape o
excitation functions for a given L, the ratio of

FIG. 13. Comparison of the experimentally observed shape
direct cross section vs energy for excitation into the firstP level
above the initial level for He~2 3S!, Li~2 2S!, and Na~3 2S!. All ex-
citation functions are normalized to unity at 10 eV.

FIG. 14. Comparison of the experimentally observed shape
cross section vs energy for excitation into the firstS level above the
initial level for He~2 3S!, Li~2 2S!, and Na~3 2S!. The He and Na
data are direct excitation cross sections but the Li curve inclu
cascade contributions. All excitation functions are normalized
unity at 10 eV.
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Q(2 3S→n 3L)/Q(2 3S→n8 3L), with n, n8.2, is nearly
independent of the electron energy, and provides a mean
extrapolating the measured cross sections to highern, as sug-
gested in Sec. V A. On the other hand, the ratio of cr
sections across twoL families, Q(2 3S→n 3L)/Q(2 3S
→n8 3L8), is generally energy dependent, and is not as u
ful a parameter for extrapolation.

C. Overview of the He„2 3S… and alkali cross sections

In this section we analyze the cross sections for excita
out of the metastable He~2 3S! level in relation to the excita-
tion cross sections out of the ground levels of the alk
metal atoms. Since this is an initial step toward a more co
prehensive study, we limit ourselves to excitation into t
first P level, i.e., He(23S→2 3P), K(4 2S→4 2P), etc. As a
guide to our approach we start with Born theory. For exc
tion corresponding to dipole-allowed transitions, the Bo
theory may be simplified by the Bethe approximation. F
the case of He(23S→2 3P) excitation, calculations@1# show
that the Born-Bethe procedure reproduces the full Born
culation down to an energy of about 3 eV. For electron
citation out of leveli of degeneracygi into level j of degen-
eracygj the Bethe-Born cross section is@26#

QBB~ i→ j !5
4pa0

2

E/R F Si j3gi
ln
4ci j E

R
1

g i j

E/RG , ~24!

wherea0 is the Bohr radius,R is the Rydberg energy~13.6
eV!, and Si j is the line strength of anN-electron system
defined by

Si j5 (
mimj

u KmiU2e(
s51

N

rWsUmj L u2, ~25!

with mi andmj being the sublevel indices. If we define th

FIG. 15. Comparison of the experimentally observed shape
direct cross section vs energy for excitation into the firstD level
above the initial level for He~2 3S!, Li~2 2S!, and Na~3 2S!. The He
and Na data are direct excitation cross sections but the Li cu
includes cascade contributions. For additional comparison the e
tation function for Na(32S→4 2D) is also shown. All excitation
functions are normalized to unity at 10 eV.
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excitation energyEji asEj2Ei , the oscillator strength can
be written as

f i j5~Eji /R!~Si j /3gi !. ~26!

The parametersci j andgi j can be determined, in principle
from full knowledge of the inelastic form facto

^C i u(s exp(iKW •rWs)uCj& as a function of the momentum
change\K that the electron suffered in the collision. Th
logarithmic term in Eq. ~24! originates @27# from
ln~Kmax

2 /Kmin
2 ! where the minimum momentum change

given by Kmax
2 a0

2'(Eji /R)
2/(2E/R). The radial integral

^Pi(r )u j 1(Kr )uPj (r )& of the form factor is mainly deter-
mined by the ranger̄ of the more compact of the two radia
atomic functions in that integral, i.e.,Pi(r ), viaKr̄&1 due to
the canceling effect of the oscillations of the Bessel funct
j 1(kr ) for Kr̄.1. The maximum practicalK is therefore
given by (K̄a0)

2'1/n 1
25I i /R, whereni and I i are the prin-

cipal quantum number and ionization potential of the init
state, respectively. Hence,

ci j5~K̄a0!
2/~Eji /R!2'I iR/Eji

2 ~27!

is a satisfactory approximation for our discussion of the
lations among the He~2 3S! and alkali-metal cross sections

One advantage of the Born-Bethe theory is that it co
nects the excitation cross section to atomic parameters
simple form. Since our measured He~2 3S! excitation cross
sections are limited toE<18 eV, we do not compare them
quantitatively with the Born-Bethe calculations. Instead
attempt to find correlations between the measured cross
tions of the He, Li, Na, K series with the relevant atom
parameters even though the mathematical functional de
dence of Eq.~24! is not satisfied. In Table V we list the line
strength, oscillator strength, excitation energy, ionization
ergy, and the polarizability of the initial state, along with th
peak cross sections for theniS→niP excitation, whereni is
the principal quantum number of the initial state@20,28–31#.
Motivated by Eq.~27! we also list the values ofI iR/E ji

2 .
Let us first compare only the three alkali-metal atom

of

e
ci-

FIG. 16. Comparison of shapes of excitation functions
He(23S→3 3L) excitation obtained by Born approximation calc
lation at low energies. The peak cross section for each curv
normalized to unity.
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TABLE V. Peak excitation cross sectionsQ ~in units of 10215 cm2! and atomic properties~in atomic units
unless otherwise noted!.

He(23S→2 3P) Li(2 2S→2 2P) Na(32S→3 2P) K(4 2S→4 2P)

Q( i→ j ) 11.2 4.1 3.6 4.7
Si j /gi 19.2 16.7 19.1 25.8
f i j 0.539 0.753 0.982 1.02
I i ~eV! 4.77 11.2 5.14 4.34
Eji ~eV! 1.15 1.85 2.10 1.61
I iR/E ji

2 49.4 21.3 15.8 22.8
ai 316 165 166 303
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leaving out He for the moment. The cross sections are
entirely on the order of the line strength as Na has the sm
est cross section, but its line strength is larger than that o
Sodium has the largest excitation energy which may ten
decrease the cross section. This difference is accentuat
we look at theI iR/E ji

2 parameter which has a substantia
smaller value for Na than for Li. Here it appears that the l
strength has a primary influence on the cross section, b
small I iR/E ji

2 may compensate for a largerSi j to yield a
smaller cross section. Included in Table V is the polariza
ity which does not appear in the Born-Bethe formula. F
slow collisions the importance of the polarization interacti
is well known. Even at higher impact energies the polar
ability is still a relevant parameter for the alkali-metal atom
Consider, for instance, the case of Na. The dipole ma
elementu^3SurWu3P&u2 is so much larger than the ones co
necting the 3S state with the higherP states that the second
order perturbation formula for the polarizability can be a
proximated by just the leading term, which is proportional
S3S,3P/E3S,3P. Indeed Table V shows that the cross sectio
almost follow the same trends as the polarizability of t
initial state. This is a manifestation of the importance of t
influence of the line strength on the cross section as mod
by Ei j .

We now include He in our consideration to see whet
the relations between the cross section and the atomic pa
eters conform to the pattern discussed in the preceding p
graph. The most obvious feature is that the He cross sec
is much larger than the alkali-metal-atom cross sectio
whereas the atomic parameters, exceptI iR/E ji

2 , exhibit much
less variation. The qualitative pattern is still consistent w
the cross sections being influenced by the combined eff
of Si j /gi andI iR/E ji

2 , but the former no longer dominates th
cross section. For instance, He has three times the cross
tion of Na, yet their values ofSi j /gi are nearly the same
Likewise K has a significantly largerSi j /gi ~34%! but a
much smaller cross section~less than half! than He. Of
course the effects of line strength and excitation energy
not strictly separable. Nevertheless, our goal is to see
simple picture to understand the gross features of the c
sections in terms of atomic parameters. In this regard we
He~2 3S! very different from the alkali-metal atoms in spi
of similarities in their atomic structure. While the numbers
Table V suggest that the small excitation energy in He m
be related to its much larger cross section, further effo
must be made to arrive at a picture that would provide
unified understanding of the excitation behaviors of He~2 3S!
and the alkali-metal atoms.
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As a note of interest, we see from Table V that a large l
strength, rather than a large oscillator strength, results
large excitation cross section. This is understandable sin
is Si j not f i j , that appears as a multiplicative factor in th
first term of Eq.~24!. The smallerf i j in He results from the
small excitation energy.

VI. CONCLUSIONS

We have obtained absolute apparent cross sections
excitation out of the 23S level of He into nine higher triplet
levels. We have performed a new absolute calibration
these cross sections, and our results agree well with the c
sections reported by Laguset al. from their fast beam experi
ments that used an entirely different method for absol
calibration. From these data we have also been able to d
mine the direct cross sections for excitation into these lev
Of special note, we have measured the extremely la
2 3S→23P cross section for the first time. For excitation o
of the 23S level the cross sections for the optically allowe
levels (n 3P) are smaller than the cross sections for then 3D
andn 3S levels. This is in contrast to the case of excitati
out of the ground levels where then 1P levels have much
larger cross sections than then 1D andn 1S. This reversal
behavior is explained on the ground that the extraordina
large cross sections for the 23S→2 3P excitation causes a
reduction of the cross section for the higher members of
n 3P series. Forn53, 4, and 5, our excitation function
show a pattern of sharply peaked excitation functions for
n 3S andn 3P levels, and broad excitation functions for th
n 3D levels. The 23P excitation, however, has a distinctl
flatter excitation function than the highern 3P levels. We
have made comparisons with the electron excitation of
ground levels of the alkali-metal atoms in order to provide
more unified view toward understanding the excitation b
haviors of both He~2 3S! and the alkali-metal atoms.
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