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Absolute direct cross sections for electron excitation out of the 23S level and into the 33D, 4 3D, and
3 3S levels of the helium atom from threshold to 500 eV and into the 33P level over a more limited energy
range have been measured using a fast metastable atomic beam target. We produce the metastable atoms via
near-resonant charge exchange between a 1.6-keV He1 ion beam and Cs vapor. Because this reaction is highly
nonresonant with the ground state of helium, the charge-transfer process yields a primarily metastable beam.
We use a thermal detector which we calibrate with ions to measure absolutely the neutral beam flux. The
atomic beam is crossed by an electron beam, and we collect the resulting fluorescence at right angles to both
the electron and atomic beams. We obtain the cross sections for excitation out of the 23S level into the various
excited levels by monitoring the emission out of the excited level of interest.

PACS number~s!: 34.80.Dp

I. INTRODUCTION

Electron excitation out of excited atoms into higher ex-
cited levels is a fundamental physical process that plays an
important role in processes ranging from fluorescent lighting
to gas discharge lasers to upper atmosphere dynamics. While
electron excitation out of ground-level atoms has been stud-
ied for the past 80 years@1#, experiments involving excited
atoms require novel techniques and hence a comprehensive
study of electron excitation out of excited levels has only
recently begun@2,3#.

Excited helium is a natural target candidate for electron
excitation experiments. The two lowest-lying excited levels,
the 2 1S and 23S levels, are both extremely long-lived
metastable levels so that once they are produced, the atoms
remain in the metastable levels until they collisionally deex-
cite ~typically via collisions with the vacuum chamber!.
Electron excitation out of the ground level of He has been
well studied and characterized@4,5# so that measurements of
electron excitation cross sections out of the metastable levels
of He allow one to compare excitation from excited levels to
excitation out of the ground level. Furthermore, because he-
lium is the simplest multielectron atom, it is the natural atom
for comparing experimental measurements to theoretical cal-
culations.

The study of electron excitation of metastable helium in
our group began with the work of Rallet al.@6#, who deter-
mined absolute apparent excitation cross sections out of the
2 3Smetastable level and into then53,4 3S, 3 3P, and 3,4,
5,6 3D levels by the optical method, i.e., by measuring the
intensity of the emission from the variousn 3L levels. Lock-
woodet al. @7,8# refined the apparatus and extended the mea-
surements to the apparent excitation cross sections out of
both the 21S and 23S levels and into then53,4 1S, 3,4
1P, and 3,41D levels.
These initial measurements reveal drastic differences be-

tween excitation out of the metastable levels and excitation
out of the ground levels. In order to better understand these
differences, Piech@9# has continued this first-generation ex-

periment to fill in the gaps on the triplet side measuring~and
in some cases remeasuring! cross sections out of the 23S
into then53,4,5 3S, 2,3,4,5 3P, and 3,4,53D levels. The
first-generation experiments, however, are limited to cross-
section measurements from threshold~2.5–4 eV! to about 16
eV due to a high density of ground-level helium as detailed
below.

Rall, Lockwood, Piech,et al. create the metastable atoms
in a hollow cathode He discharge. This production method
yields a metastable atom number density of about 108–109

atoms/cm3. Most of the atoms, however, emerge from the
hollow cathode in the 11S0 ground state of helium~about
105 times more ground-state than metastable atoms!. Even
though the cross sections for electron excitation out of the
ground state are about three orders of magnitude smaller than
those for excitation out of the metastable levels, because of
the unfavorable ground-state to metastable population ratio,
once the electron energy is large enough to excite ground-
state atoms, the signal from the ground-state excitation over-
whelms the metastable excitation signal.

The threshold for excitation from the ground state occurs
around 23 eV. However, in order to obtain optimum electron
beam focusing and to collect correctly all of the incident
electrons, they applied a positive bias to their Faraday cup.
This, combined with the high-energy tail of the electron en-
ergy distribution, significantly lowered the apparent onset of
ground-state excitation which, in practice, limited their ex-
periments to electron energies below 16 eV.

To better understand excitation out of the He metastable
levels, one must extend the measurements to much higher
energies. In order to do this, one must have a metastable
atom production method that yields metastable atoms with-
out the overwhelming ground-state contamination. For this
reason, in the present work, we describe an apparatus and
display the results of an experiment that uses the charge-
transfer process between fast He positive ions and Cs atoms
via the reaction He11Cs→He* (2 1,3S)1Cs1 to produce a
metastable target with negligible ground-state contamination.

One understands metastable formation via charge ex-
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change from the perspective that, to the zeroth-order expla-
nation, charge exchange is described by a parameter known
as the energy defectDE which is simply the difference be-
tween the ionization energy of the donor atom~in this case
Cs! and the binding energy of the receiving atom’s~He! en-
ergy levels into which the electron transfers. Generally
speaking, reactions that have small energy defects have large
charge-transfer cross sections, and vice versa. The reaction
He11Cs→He1Cs1 is near resonant for then52 levels of
He(DE range from20.52 to 0.87 eV for the fourn52
levels! but highly nonresonant with the He ground state
(DE520.69 eV! so that at low collisional energies one ex-
pects the charge-exchange process to populate primarily the
n52 levels of He. Because of this, the main source for
ground-state atoms in the neutral beam is production of at-
oms in the 21P level since atoms in this level decay prefer-
entially ~with branching ratio 0.999! to the ground state.

Using a time-of-flight method, Reynaudet al. @10# found
that the actual distribution of the populations among the
n52 levels involves a much more detailed explanation than
one can obtain from an analysis based solely upon the energy
defects and the statistical weights of the various He levels
involved. In fact, this distribution depends upon both the
alkali metal used and the incident ion energy@10,11#. Over
the energy range 100–1250 eV, it is found that charge trans-
fer from Cs to He1 ions does not populate the 21P level
substantially. Therefore, unlike the first-generation experi-
ment where a majority of the target atoms in the electron
excitation region were in the ground state, one expects that
most of the target He atoms formed via the charge-transfer
process are metastable.

Hence by using a fast primarily metastable target we cir-
cumvent the limitations of the first-generation experiment
imposed by the ground-state He contamination. This allows
us to measure cross sections from excitation onset to arbi-
trarily high electron energy~in this case 500 eV!. This paper
describes our apparatus and presents our results for electron
excitation out of the 23S metastable level and into the
3 3S, 3 3P, 3 3D, and 43D levels.

The target density in the fast beam is about 33106

atoms/cm3, much lower than the metastable density in the
first-generation experiments (;53109 cm23). We present
much of this paper from the perspective of the steps that we
take to optimize our signal rates and to overcome various
noise sources in order to obtain electron excitation signal
from the metastable levels of He.

II. EXPERIMENTAL APPARATUS

The apparatus has evolved into a beam line consisting of
five chambers shown in block diagram form in Fig. 1. All

chambers are pumped by 8-in. diffusion pumps using
Santovac-5 pumping fluid. We equip each pump, with the
exception of the one for the ion source chamber, with a re-
frigerated baffle. The background pressures range from about
1027 Torr for the charge-transfer chamber to around
5310210 Torr for the data acquisition chamber~attainable
after baking at 200°C for 48 h!.

In addition to the radio frequency ion source, the first
chamber also contains two Einzel lenses for beam focusing
and horizontal and vertical deflection plates to steer the
beam. The second chamber houses the charge-transfer cell
where we partially convert the He1 ions into metastable He
atoms via the nearly resonant He11Cs→He1(2 1,3S)
1Cs1 charge-exchange process. The third chamber contains
deflection plates and an off-line Faraday cup so that we can
remove and monitor the remaining ions from the beam. This
chamber also houses an iris which we can open and close via
a rotary motion feedthrough, thus we can vary the diameter
of the atomic beam at the position of the iris. We also need
this chamber for differential pumping in order to handle the
gas load from both the ion source and the charge-transfer
chambers. The fourth chamber houses the electron gun and
the data acquisition optics where we monitor the
He* (2 1,3S)1e2→He* (n 1,3L)1e2 process. The atomic
beam is crossed by an electron beam, and we monitor the
fluorescence at right angles to both the electron and atomic
beams. During operation, the pressure in the data acquisition
chamber~DAC! is usually less than 531029 Torr. The final
chamber contains our neutral detector.

A. Charge-exchange cell

The recirculating alkali-metal oven~Fig. 2! consists of
three main parts: the charge-exchange region, the throat, and
the reservoir. We chose to construct each part from stainless
steel because of its high resistance to corrosion by alkali
metals. The exchange region has entrance and exit apertures
that allow passage for the beams of helium ions and atoms
and an opening for the throat through which the cesium at-
oms enter. The exchange region’s inner surface slopes down
from the apertures to the throat opening.

The throat tube is welded between the exchange region
and a flange that bolts to the reservoir. We insert into the
throat a stainless steel mesh that extends from the exchange
region opening to about an inch below the throat flange. Both
the exchange region’s slope and the mesh which acts as a
wick facilitate the recirculation of the alkali metal.

We charge the reservoir with 20–25 g of Cs and bolt the
oven together in an argon atmosphere. Cartridge heaters pro-
vide 200–600 W to the reservoir. Several type-K thermo-
couples monitor the temperatures. Refrigerated baffles on ei-

FIG. 1. Schematic diagram of the apparatus.
rf ion source chamber: rf ion source~RF!; Einzel
lenses ~E1, E2!, and deflection plates (H,V).
Charge-transfer chamber: charge-transfer cell
(X). Ion beam deflection chamber: iris (I ), col-
limation apertures (C), deflection plates (D),
and off-line Faraday cup~FC!. Data acquisition
chamber: electron-gun–Faraday-cup setup (E/
F), optics, PMT. Beam stop chamber: neutral de-
tector ~ND!.
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ther side of the oven are chilled to240°C in order to
condense the Cs that escapes the oven, thus reducing the
contamination of the apparatus.

We heat the bottom reservoir which increases the alkali
metal’s vapor pressure. This creates a large pressure differ-
ence between the reservoir~at 260 °C! and the exchange
region ~at 50 °C!, causing the atoms to travel through the
throat and into the exchange region where the alkali-metal
atoms interact with the helium ions. The exchange region
temperature must remain above the alkali metal’s melting
point (30°C for Cs! for the oven to recirculate. Conduction
from the reservoir delivers more heat to the top portion of the
oven than is necessary so that we water cool copper blocks
which are in good thermal contact with the top of the throat
in order to keep the exchange region’s temperature in the
correct temperature range.

B. Electron gun

We acquire data using an electron gun with 11 stainless
steel grids~Fig. 3!. Standard BaO indirectly heated button
cathodes are used because they offer high emission current
density at relatively low temperatures~around 1000 K! @12#.

The cathode itself glows red to yellow hot, and the photo-
multiplier tube~PMT! receives significantly more blackbody
radiation from the cathode than signal from electron excita-
tion of metastable helium. Because of the extreme sensitivity
to the cathode radiation, we have installed gold blackened
shielding around the sides and back of the electron gun, and
we gold blacken the gun’s grids as well.

One special feature is that we mount the gun on a rack
and pinion translation stage connected to a rotary motion
feedthrough. This allows us to move the gun over a 2-cm
range parallel to the axis of the metastable atom beam. We
use this translation feature in a number of diagnostic tests,
and it allows us to maximize the signal collected from ex-
cited levels of various lifetimes~see Sec. III A!.

We collect the electrons with a Faraday cup assembly also
shown in Fig. 3. It has three sections: aperture (A), Faraday
cup tube (T), and back plate (B). The Faraday cup tube is
encased by a grounded shield~FCS in Fig. 3! to prevent
collection of stray thermal electrons. During operation, we
monitor the electron current collected on the three sections
A, T, andB.

The back plate is biased 30–50 V positive and is cone
shaped to reduce the fraction of secondary and reflected elec-
trons escaping from the Faraday cup. For the same reason,
when acquiring data at high incident electron energies, we
affix small permanent magnets to the exterior of the FCS
with their poles perpendicular to the electron beam axis. The
magnets and biased back plate are far enough from the col-
lision region so that their fields do not penetrate into the data
acquisition region. Diagnostic tests indicate that these mea-
sures eliminate the problems associated with secondary and
reflected electrons generated within the Faraday cup assem-
bly.

In order to ensure a field-free collision region and to fur-
ther reduce the scattered light reaching our PMT, grounded
gold blackened shields are installed on all four sides of the
collision region. The plates above and below the electron
beam have circular apertures, allowing us to detect the fluo-
rescence from the He atoms. We cover these apertures with a
coarse small gauge wire mesh. This prevents field penetra-
tion due to charge buildup on our optics’ nonconducting sur-
faces. The metastable He beam passes through apertures on
either side of the collision region.

In order to keep the electrons within the most efficient
areas of our light gathering region, we first cancel the verti-
cal and horizontal components of the earth’s magnetic field
with two Helmholtz pairs. We use a third Helmholtz pair to
apply a 10–25 G collimating magnetic field along the elec-
tron beam axis.

C. Neutral detector

The primary components of the neutral detector include a
back plate, a collection tube~4 cm diam310 cm length!, and
two entrance grids. This detector functions in three modes: as
a secondary electron collector to monitor neutrals, as a Far-
aday cup to measure ions, and as a thermal detector to moni-
tor either ions or neutrals. As a secondary electron collector,
the back plate and entrance grids are biased negative, and we
monitor the secondary electron current on the collection
tube. In Faraday cup mode, the back plate and collection

FIG. 2. Detail of charge-transfer cell.

FIG. 3. Detail of translating electron gun Faraday cup assembly.
A, aperture;T, Faraday cup tube;B, back plate; FCS, Faraday cup
shield;S, gold blackened optical shield.

53 1507CROSS SECTIONS OF ELECTRON EXCITATION OUT OF . . .



tube are connected to an ammeter, while a negative bias volt-
age applied to the entrance grids suppresses secondary elec-
trons.

The secondary electron currentI ND is used to measure the
relative flux of He1 atoms in the beam as data are collected.
However, to determine the He1 beam-particle currentIHe*
from theI ND one must know the secondary electron ejection
coefficientg* , which varies considerably with the surface
conditions@13#. See Sec. IV A 4 for our method of measur-
ing g* .

To determine the absolute He metastable flux, we use the
detector in thermal mode@14#. The energy deposited onto the
back plate per incident particle depends upon the kinetic en-
ergy of the particle rather than its species; each ion or meta-
stable atom deposits 1.6 keV. Hence we determine the sensi-
tivity of the detector by using an ion beam measured
absolutely by the detector in Faraday cup mode. The back
plate consists of a 25-mm polyvinylidene fluoride~PVDF!
pyroelectric film held between two oxygen-free high-
conductivity ~OFHC! copper clamping flanges which act as
heat sinks. As the He* ~or He1) heats the detector, the
PVDF polymer deforms, moving charges to the aluminum
electrodes on the front and back surfaces. The charge moved
to the back surface is detected using a high-impedance field-
effect transistor~FET! operational amplifier. By modulating
the He* beam on and off the beam signal can be separated
from thermal drifts and bias currents. While the back surface
of the PVDF film is connected to the thermal detector cir-
cuitry, the front surface can be connected in the either the
Faraday cup configuration or in the secondary electron col-
lection mode.

D. Optics

An f /0.93 aspheric lens one focal length above the colli-
sion region and a concave mirror two focal lengths below are
used to collect the fluorescence from the electron excitation
process. The mirror increases the solid angle from which we
gather photons, resulting in a 60% increase in signal. The
light then passes through a 1-nm full width at half maximum
~FWHM! narrow bandwidth interference filter which spec-
trally isolates the transition of interest. Finally, a123 magni-
fication lens system images the viewing region onto the pho-
tocathode of our PMT. We use a Burle C31034A-02 GaAs
PMT thermoelectrically cooled to230°C in photon count-
ing mode.

III. METHOD OF MEASUREMENT

In measuring electron excitation cross sections, two things
interest us: the energy dependence of the excitation function,
and the absolute magnitude of the cross section. The present
section discusses how we measure the shape of the excitation
functions. We present our method of absolute calibration in
Sec. IV.

A. Acquisition of relative cross section

To measure relative cross sections for electron excitation
out of the metastable levels of helium, we proceed in the
following manner. The rf ion source produces a 1.6-keV ion
beam with a measured energy spread of 40 eV~FWHM!.

Setting the charge-exchange oven temperature to approxi-
mately 250°C gives a Cs target thickness well within the
single collision regime for converting the ions into meta-
stable atoms. At the position of the electron beam the He*
number density is approximately 33106 atoms/cm3. We
monitor the metastable flux using the neutral detector in sec-
ondary electron collecting mode.

The 1.6-keV He atoms have a velocity of 2.773107 cm/s.
Most of the upper levels that interest us have lifetimes that
range from 14 to 95 ns. Hence, in one lifetime, the excited
atoms travel between 0.4 and 3 cm from the position where
they are created before they decay. In order to maximize the
signal, we translate the electron gun to a position upstream of
the optical viewing region. The translation distance depends
on the transition from which we collect the fluorescence.

All data are acquired with a 25-G magnetic field applied
along the electron beam axis. The electron beam shows ef-
fects of space charge at low incident electron energies with
an abrupt transition to non-space-charge-limited behavior at
higher energies. The exact transition energy depends upon
the voltages applied to the electron gun grids and can be set
arbitrarily low. However, the magnitude of the electron cur-
rent in the non-space-charge-limited regime increases with
the transition energy so that to operate above the space-
charge regime, and to maximize the signal rate, we acquire
data using a variety of electron gun settings.

We have also found that the position of the electron
beam’s center is not constant for all energies. Evidence indi-
cates that the shifting behavior results from a slight misalign-
ment between the electron beam axis and the applied axial
magnetic field~presumably due to slop in the translation
stage!. If ignored, the magnitude of the beam shift (,1 mm!
is enough to introduce small~5–10 %! systematic distortions
in the shape of the excitation functions. To account for this,
we collect fluorescence at three or four gun positions that
correspond to the position of the peak signal61 mm. At
each gun position, we acquire data at three vertical positions
of the fast beam~controlled by steering plates in the rf ion
source chamber!. The subsequent analysis of all the data av-
erages out any effects of the shifting beam.

We typically take data 24 h a day. When obtaining data at
a variety of electron energies, we cycle through the energies
to eliminate any long time scale variations occurring over the
duration of our data runs. it generally takes several weeks to
obtain a single excitation function. The various parameters of
operation~i.e., neutral detector response, atom beam focus
and position, etc.! are reasonably stable and reproducible
over a time period of weeks.

Because of the extremely small metastable number den-
sity and relatively large noise sources, we employ a double
beam modulation strategy to extract the electron excitation
of the He* signal. Amplified PMT pulses are fed into a dis-
criminator. The large amount of rf noise generated by our ion
source dictates that we set the discriminatory level at a rela-
tively high level. A separate gating circuit modulates the
electron beam on or off with a period of 1.6 ms. The circuit
also generates two gates,A andB, both of 700ms width.
TheA gate starts 70ms after the electron beam is turned on,
and theB gate starts 70ms after the electron beam is turned
off. The gates control two counters that are read into a com-
puter. The fast~1.6 ms! modulation of the electron gun along
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with the slow~100 s! modulation of the He* beam generates
two pairs of counter readings—with the He* beam on (Aon
andBon), and with the He* beam off (A off andBoff). The
metastable electron excitation signalSm is given by
Sm5(Aon2B on)2(Aoff 2Boff ).

B. Discussion of noise

For the purposes of our discussion, noise that registers as
counts falls into four basic categories: dc sources~cathode
light, rf noise, PMT dark current!; sources that vary with the
electron beam~electron-surface collisions, inelastic colli-
sions with background gas atoms!; noise that varies with the
metastable beam~resonance light from metastable beam!;
and noise that varies with both the electron and the meta-
stable beams~electron excitation of ground-state He atoms if
the He partial pressure varies with the metastable beam!.
Because of the extremely thin metastable target, we assume
that the He* beam’s presence has no effect upon the electron
beam. Hence our double beam modulation and subtraction
schemes extract our signal from the first three categories of
noise. We have had to take additional measures to eliminate
the fourth category of noise.

Before the addition of metastable beam collimating aper-
tures into the ion beam deflection chamber and prior to ex-
tension of the beam line to include the beam stop chamber,
we used a quadrupole mass analyzer~QMA! to measure a He
partial pressure in the data acquisition chamber that fluctu-
ated in phase with the metastable beam. We ascribed this gas
load to the large relatively uncollimated He* beam striking
surfaces and collisionally deexciting within the chamber. We
were also able to see electron excitation of ground-state at-
oms ~despite the double subtraction! in our early excitation
functions due to this fluctuating gas load. After installation of
the beam collimating apertures and addition of the beam stop
chamber, the QMA did not register the He partial pressure
fluctuations, nor are we able to see ground-state contamina-
tion in our excitation functions.

By taking different combinations of the four counter read-
ings we determine the size of the various noise sources in our
experiment. As an example, consider electron excitation into
the 33D level for which we observe the 33D→2 3P transi-
tion ~587.6 nm!. This line has the largest total signal due to
its large cross section (;1016 cm2), large branching ratio
~1.00!, short lifetime~14 ns!, good filter transmission~55%!,
and good PMT quantum efficiency~20%!. While the black-
body radiation is moderate at 587.6 nm, the fluorescence
from the He* beam itself is a more serious problem. For
typical He* and electron beam currents, we detect eight
counts/s of actual electron excitation signal. In addition, we
observe 1 count/s from light given off by the electron beam
hitting surfaces in the collision region; 40 counts/s from scat-
tered blackbody cathode light; and 900 count/s of light given
off by the He* beam.

IV. ABSOLUTE CALIBRATION

Our method of absolute calibration is described in this
section. First we derive the equation for finding the meta-
stable cross section in terms of the known ground-state cross
section. The subsequent four subsections describe several
auxiliary experiments needed to find quantities needed in the

absolute calibration. We then present the results of the abso-
lute calibration along with an error analysis in Sec. IV B.

A. Method

Consider a monoenergetic electron beam energetic
enough to excite atoms from both the 23S metastable level
and the ground state. We perform two experiments: one with
a fast He* beam target, and one with a chamber filled with
ground-state helium gas. The number of photons counted,
Sm andSg for the metastable and ground-state experiments,
respectively, are

Sm5jQmbDE F f~rW !nm~rW !@J~rW !/e#drW ~1!

and

Sg5jQgbD8E Fs~rW !ng~rW !@J8~rW !/e#drW, ~2!

wherej is the total detector sensitivity~for optics and elec-
tronics!, Q is the apparent cross section,b is the branching
ratio,D the counter period,F is the probability of detecting
a photon from an atomexcitedat positionrW, n is the number
density of targets atrW, J is the electron current density at
rW, e is the absolute value of the electron charge, the primed
quantities refer to the ground-state experiment, and thef and
s subscripts refer to the fact that the metastable experiment is
done with a fast beam, while the ground-state experiment
uses a slow~thermal! target. By taking the ratio of these two
signals we eliminate the unknown detector sensitivity; solv-
ing for the metastable cross section gives an expression for
Qm ,

Qm5QgS Sm /DSg /D8D *Fs~rW !ng~rW !J8~rW !drW

*F f~rW !nm~rW !J~rW !drW
. ~3!

In other words, we use the known cross section for excitation
out of the ground level as part of our calibration. We define
our coordinate system~Fig. 4! such that the He* beam is
along thex axis, the electron beam is along they axis, and
the optics are on thez axis. Assuming that the beams have
cylindrical symmetry about their respective axes of propaga-
tion over the size of the collision region, then each term in
the integrals is only a function of two coordinates, e.g.,

FIG. 4. Coordinate system.Y axis is into page.
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F(rW)5F(x,y). We further assume that each function is
separable, i.e.,F(x,y)5F(x)F(y). These assumptions,
which are exact in the case of Gaussian profiles, allow us to
more readily calculate a final answer.

The F f ,s(rW) functions are closely related to the optical
profile of our viewing region. We define the optical profile
function V(rW) to be the relative probability of detecting a
photon emitted atrW. In contrast,F f ,s(rW) are defined to be the
relative probability of detecting photons by atomsexcitedat
position rW. The subscriptsf and s remind us that the fast
metastable atoms travel further from the position of the elec-
tron beam before they decay than do the slow ground-state
atoms. Hence we writeF f ,s(rW)5V(rW1vW f ,sT) whereT is the
time between excitation and decay of the atoms. Since a
collection of excited atoms follows an exponential decay,T
is not fixed for a given transition. The finer details of this
point are addressed in the next section. Clearly, for thermal
velocity atoms and excited states having lifetimes on the
order of tens of nanoseconds,V(rW1vW sT).V(rW)
5V(x)V(y). Similarly we also neglect the transverse veloc-
ity in the fast beam. As a result,
V(rW1vW fT).V(x1v fT)V(y)[V f(x)V(y).

The metastable number density for a beam of atoms mov-
ing with velocity v f is Jm(y,z)/v f , whereJm is the He*
particle flux. We now define both the electron current density
and the He* flux to have the form
Je,m(u,v)5Je,m

0 j e,m(u) j e,m(v), where the j ’s are normal-
ized profile functions, andJ0 is found from the condition that
the integrated current density or flux equals the total current
or particle current. We further assume that the profile of the
electron beam is the same for the ground-state experiment
and the metastable-state experiment. This is valid if the he-
lium pressure is kept small (,1025 Torr!. The integrals then
become

*Vs~rW !ng~rW !J8~rW !drW

*V f~rW !nm~rW !J~rW !drW
5

ng
~Jm

0 v f !
FJe80Je0 GF *V~x! j e~x!dx

*V f~x! j e~x!dxG
3F *V~y!dy

*V~y! j m~y!dyG
3F * j e~z!dz

* j e~z! j m~z!dzG . ~4!

Since the electron beams have the same profiles, the ratio of
current densitiesJe8

0/Je
0 equals the ratio of measured total

currentI e8/I e .
The integrals overx relate the overlap of where excited

atoms are created to the optical detection efficiency at the
point where the atoms decay. Using the model developed in
the next section, we replace thex integrals with the calcu-
lated ratio (Vs /V f). The next two sets of integral ratios
depend upon the size of the He* beam. The ratio ofy inte-
grals compares the full size of the viewing region~as with a
ground-state target! with the overlap of the He* beam and
the optical efficiency. Likewise, thez integral ratio compares
the width of the electron beam with the overlap of the elec-
tron and atom beams.

When we include the proper normalization conditions, we
obtain the equation

Qm5QgF Sm /DSg /D8GF I e8I eGFVs

V f
G ng
~ IHe* /ev f !

F E
2`

`

j m~y!dyG2
3F *2`

` V~y!dy

*2`
` V~y! j m~y!dyGF *2`

` j e~z!dz

*2`
` j e~z! j m~z!dzG . ~5!

This equation requires two additional quantities to convert it
into factors that are directly measured. First, we measure the
partial pressureDPIG of ground-state helium using an ion
gauge. This is related to thetrue helium pressure by some
correction factorK which accounts for the ion gauge’s de-
creased sensitivity for helium. Using the ideal gas law we
convert the pressure reading into a ground-state number den-
sity, ng5KDPIG /kT, wherek is the Boltzmann constant and
T is the temperature. Next, we note that we measure the
secondary electron current from a mixed triplet-singlet meta-
stable beam. Hence if the particle current of metastable at-
oms is (I ND /g* ), then the particle current of 23S helium
atoms isf T(I ND/g* ), where f T is the fraction of triplets in
the beam. Upon substitution into Eq.~5! we obtain

Qm5QgF Sm /DSg /D8
GF I e8I eGFVs

V f
Gg*DPIG

I ND
C f , ~6!

whereC f represents a conversion factor which includes the
various fixed numerical constants and the overlap integrals
of the optics, electron beam, and atom beam,

C f5S K

f TkT
D ev fF E

2`

`

j m~y!dyG2F *2`
` V~y!dy

*2`
` V~y! j m~y!dyG

3F *2`
` j e~z!dz

*2`
` j e~z! j m~z!dzG . ~7!

The quantities included in Eq.~6! ~such as the electron cur-
rent and gas pressure! vary from one data run to the next.
The quantities included in the conversion factor, however,
only vary slowly with time. Furthermore,C f is independent
of the transition being observed. Hence it needs to be deter-
mined only once.

1. Calculation of integrals over x

In the preceding section, we found that the integration
overx ~with a few minor alternations in notation! reduced to
the ratio

Vs

V f
5

*V~x! j e~x;xs!dx

*V~x1v fT! j e~x;xf !dx
, ~8!

wherex is a variable corresponding to the position where the
excited atoms are created. Since we move the electron gun to
maximize the fast beam signal,xs andxf label the positions
of the electron gun in the experiments with the slow and fast
beams, respectively. From the form of this expression, one
sees that this ratio depends upon the position of the electron
beam, the velocity of the fast beam, and the lifetime of the
excited level. In order to determine this ratio, we replace
each integral with a double summation in the following man-
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ner. Initially consider the signal collected from the fast beam
excited by an electron beam centered at a positionxf . First
we divide the electron beam profile along thex axis into
slices of widthDx. The j th electron beam slice~centered at
xj ) excitesNj5Cje(xf) atoms in the target beam, wherej e
is the profile of the electron current andC is some constant.
Then, within any increment widthDx centered atxi along
the atom beam axis, a certain number of these atoms decay.
The number of remaining excited atomsNj

i entering the in-
terval is equal toNjexp@2(xi2xj )/v ft#, wheret is the life-
time of the excited state. One would expect the number of
decays within thei th interval to be a product ofNj

i , the
probability per unit time of decay which is the EinsteinA for
that transitionAul , and the amount of timeDt required for
the atom to traverse the length of one interval equal to
Dx/v f . The fraction of these photons that one actually de-
tects depends upon where, relative to the peak of the Gauss-
ian optical profilexc , the decays occur. Hence the optical
signal collected from thej th slice of the electron beam is
simply

Sj~xf !5(
i

Nj
i AulDx

v f
e~xe2xi !

2/2s2, ~9!

where s is the experimentally determined width of our
Gaussian optical profile andxi is the center of thei th interval
~with xi ,xc measured relative to our gun’s initial position
xf).

We then sum over all of the slices of the electron beam to
obtain the total signal from the fast beam,

V f~xf !5(
j
Sj~xf !. ~10!

We obtain a similar expression for the total signal from the
slow beamVs(xs) via the identical procedure.

These summations entail straightforward numerical calcu-
lations that we have performed. The absolute magnitudes of
the profilesVs, f are set by the arbitrary constantC, however,
we are only interested in the shape of the profiles. In Fig. 5,
we plot the normalized profilesVs(x) for thermal velocity
atoms andV f(x) for a fast beam using two different life-
times for the fast beam. One sees that the peak in the fast
atomic beam signal occurs at electron gun positions signifi-
cantly upstream of the optical axis whereas the excitation
from the thermal velocity atoms has maximum signal di-
rectly beneath the optics (xs50). The calculations also show
that, as expected, the signal maxima for the fast beam occur
at upstream distances that increase with the excited-state life-
time.

Because we can also translate the electron gun over a
2-cm range along the metastable beam axis, we can directly
measure the profilesV f(x) andVs(x) as a function of elec-
tron gun positions~as described in Sec. IV A 2!. The results
in Fig. 6 show good agreement between the measured and
calculated profiles.

We use our calculation to determine the ratio
@Vs(xs)/V f(xf)#. For example, the 5876-Å line has a 14-ns
lifetime. For a gun position centered beneath the optical axis
(xs5xf50), Vs(0)51.0 andV f(0)50.51. In actuality, we

perform the absolute calibration at a variety of electron gun
positions (xs not necessarily equal toxf) and use the appro-
priate values forVs andV f .

2. Determination of profile functions

In practice, the most difficult step in our absolute calibra-
tion procedure is the accurate determination of profile func-
tions for the optics, electron beam, and metastable beam. For
the optical profile we fill the chamber with gas and record the
signal as we translate the electron gun across the viewing
region. To obtain profiles for the electron and metastable
beams, we employ the rotating wire apparatus~Fig. 7!,
which consists of a rotary motion feedthrough electrically
separated from the chamber by a ceramic break. On the end
of the feedthrough is a bent 0.010-in. tungsten wire which
rotates in a circle of 16.5 mm diameter. When the neutral
beam strikes the wire, secondary electrons are ejected. We
determine the neural beam profile by measuring the secon-
dary electron current as a function of wire position.

FIG. 5. Calculated profiles for a thermal beam with excited-state
lifetime of 14 ns (j), and two fast beams~1.6 keV! with excited-
state lifetimes of 14 ns (L) and 36 ns (d).

FIG. 6. Comparison between calculated and measured profiles
for fast (l, 2 3S→3 3D) and slow (h, 11S→3 3D) targets. Data
are normalized to calculations~lines! at peaks.
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By directly measuring the current on the wire as a func-
tion of wire position, the same apparatus is used to find the
electron current distribution. The measured current on the
wire actually consists of the incident electron current minus
the secondary electron current. Because the secondary elec-
tron current is proportional to the incident electron current,
secondary electrons do not affect the shape of the electron
current distribution. Furthermore, while the presence of the
wire does not disturb a neutral beam, one may question
whether the wire affects an electron beam. This concern does
not appear to be a serious problem; biasing the wire by62
V does not change the profile.

A 360° rotation of the wire yields two profiles for each
beam. The difference between the profiles gives an indication
of the spread of the beams as they propagate. The two neutral
beam profiles are functionally identical~as one would expect
for a collimated beam! so that we may use either profile as
the distribution at the collision region. Both electron beam
profiles are well approximated by Gaussians, but the Gauss-
ian on the far side of the collision region is significantly
wider than the one nearest the electron gun. Therefore we
assume that the profile at the center is a Gaussian having a
FWHM which is the average of the FWHM of the far- and
near-side profiles. Furthermore, the fact that all of the pro-
files ~see Fig. 8! are well approximated by Gaussians lends
credence to the separation of variables step employed in the
derivation of cross-section formulation.

3. Determination of ground-state He number density

We perform the ground-state helium experiment in a
flowing mode. By increasing helium flow into the system at
the position of the ion source and by closing various combi-
nations of gate valves along the beam line, we can raise the
partial pressure of helium within the DAC to arbitrarily high
values. We then record the difference in the pressure reading
DPIG of an ion gauge mounted in the chamber with the he-
lium flow on and off.

In order to calibrate our ion gauge for helium, we tempo-
rarily installed an MKS Type 120AA Baratron Vacuum
Gauge onto the side arm in close proximity with the ion
gauge. This baratron has a quoted resolution of 1026 of its
0.1 Torr, but output voltage fluctuations limited our measure-
ments to above 531026 Torr. It also has a recent absolute

calibration traceable to the National Institute of Standards
and Technology. Because we typically perform the ground-
state helium experiment at helium partial pressures below
1026 Torr, calibration of the ion gauge in the lowest pressure
range required two steps. First, over the range of pressures
where the baratron is calibrated~from 1026 to 1023 Torr!,
we determined that the ion gauge reading is proportional to
the output of the baratron with a correction factorK equal to
10.0. The factorK includes both the fact that the helium
ionization rate is smaller than the ionization rate for air and
the systematic inaccuracy of the ion gauge’s response. Sec-
ond, beginning with the lowest He partial pressures
(;231027 Torr! and extending well into the baratron gauge
range (;531025 Torr!, we determined that the amount of
electron excitation signal out of the ground state was propor-
tional to the pressure which we measured with the ion gauge.
These two steps demonstrate that the pressure measured by
the ionization gauge is linear over four orders of magnitude
and that we obtain the absolute He partial pressure by mul-
tiplying the partial pressure obtained from our ion gauge by
the correction factor for He (10.060.5).

4. Determination ofg*

Two steps were employed in determiningg* . The first
step is to determine the sensitivity of the thermal detector. By
applying a modulation voltage to the set of deflection plates
in the beam deflection chamber, we modulate the ion beam
component remaining in the charge-exchanged fast beam.
Using the detector in Faraday cup mode, we measure the
absolute ion current incident upon the detector. We simulta-
neously record the voltage output from the charge-sensitive
amplifier connected to the back surface of the PVDF film.
This voltage signal is proportional to the heat absorbed by
the film in the 30-s modulation period. The ratio of these two
signals determines the detector sensitivityh, expressed in V/
mA for 1.6-keV particles~for a fixed 30-s modulation pe-
riod!. We have verified thath is constant for beam currents
from 0.1 to 10mA.

We next use the thermal detector to measure the He*
particle current. To do this, we first deflect the ions remain-
ing in the charge-exchanged beam, leaving us with only

FIG. 7. Schematic diagram of rotating wire assembly. FIG. 8. Profiles of electron beam~L! and neutral beam~j!
obtained from rotating wire apparatus.
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metastable atoms. Next, the modulation voltage is applied to
a set of deflection plates in front of the charge-exchange cell;
this modulates the He* beam on and off. We now use the
voltage output of the thermal detector along with the value of
h found from the ion measurement to determineIHe* . Fi-
nally, g* is found from the ratio of secondary electron cur-
rent to calculated He* particle current. We measureg* be-
fore each data collection run using the same ion beam
focusing as used in the data run.

5. Triplet fraction, fT

The fraction of 23S He atoms in the fast beam primarily
depends upon two factors: the fraction of the ions that un-
dergo charge exchange with Cs and end up in the 23S level,
and how much of the ion beam is neutralized by collisions
with background gas. For 1.0-keV He1 incident on cesium,
Reynaudet al. have measuredf T50.72 @10#. At higher en-
ergies one expects this to approach the statistical weight of
3
4 . The triplet fraction in our beam is slightly less than this
value because a finite number of the ions undergo resonant
exchange with the residual helium gas before the ions reach
the charge-transfer cell. Most of this resonant neutralization
occurs upstream of the deflection plates that modulate the
signal so that this contribution is a dc noise source that gets
subtracted off in the data analysis. Nevertheless, from the
background pressure in the ion source chamber, the resonant
charge-exchange cross section, and the path length of the
ions, we estimate that less than 2% of the ion beam is con-
verted into ground-state helium due to resonant charge ex-
change between the deflection plates and the charge-transfer
cell. Allowing for these effects, we estimatef T is equal to
0.7060.03.

B. Results and analysis of uncertainties

The first step in the calculation of absolute cross section is
the determination of the conversion factorC f . Once the
value ofC f is known, it is a simple matter to find the value
of the absolute cross section from Eq.~6!.

Two sets of quantities are needed to findC f : a number of
numerical constants~such as the electron charge and the
beam velocity!, and profile functions for the optics, electron
beam, and atom beam. We combine the numerical constants
and numerically integrate the profiles to obtain a value for
C f .

The value ofC f depends strongly upon the ion beam
focus conditions which determine the neutral beam profile.
However, it is only weakly dependent upon the electron
beam and optical profiles. For example, changing the elec-
tron beam width by 20% yields a 5% change inC f . Simi-
larly, changing the Gaussian profile of the electron beam to a
square profile causes only a 5% change. This is in contrast to
a 10% random variation in the answer from using different
metastable beam profiles taken with the same ion beam fo-
cusing. Combining this 10% uncertainty in quadrature with
estimates for the other sources of uncertainty~5% each for
the optics and electron gun profiles, 3% for beam velocity,
10% for the temperature, 5% for each for the ion gauge
correction and triplet fraction!, the total uncertainty inC f is
estimated to be on the order of 20%.

Additional uncertainties contribute to the total uncertainty
in Qm . The ratio (Vs /V f) depends on the optical and elec-
tron gun profiles, and as a result has about a 5% uncertainty.
We measure the secondary electron emission coefficientg*
to about 10% uncertainty, while the statistical uncertainty in
the metastable signal ranges from 5% to 15% depending on
the transition. The remaining values used to find the ratio of
the metastable cross section to ground-state cross section
have negligible uncertainty (,3%! since they rely only on
the linearity of the measuring device. For the ground-state
excitation cross sections we use the values of Ref.@4#.

V. RESULTS AND DISCUSSION

A. Absolute results

We perform the absolute calibration experiment at one
electron energy that corresponds to the peak of the ground-
state cross section~27 eV!. We then use our relative excita-
tion functions to obtain the absolute cross section at all en-
ergies. As a check of the robustness of our method we have
performed the calibration experiment at different electron
gun focus conditions and gun positions. The present work
reports absolute apparent cross sections from the 23Smeta-
stable level into four higher-lying excited levels: then53
3S, 3P, and 3D levels and the 43D level.

1. Cascade contributions

We measure apparent cross sections which are the sum of
the direct excitation cross sections and cascades from higher
levels. However, in the case of our fast beam target, the
apparent and direct cross sections are nearly identical in con-
trast to the static target experiments. This occurs because
photons that correspond to cascade contributions to our sig-
nal result from a minimum of two decays~one from the
higher-lying level into our level of interest and the subse-
quent decay that we detect! whereas the photons resulting
from direct electron excitation only require one decay. For
example, the primary cascade contributions into theS andD
levels are from theP levels. The lifetimes of the 3, 4, and 5
3P levels ~95, 154, and 234 ns! translate into one lifetime
flight distances of 3, 4.5, and 7 cm, respectively. Most of the
atoms excited into these levels do not decay into our levels
of interest until they travel beyond the viewing region.

We quantitatively estimate the reduction of the cascade
contributions to our absolute cross sections due to the fast
motion of the target beam using a method similar to the one
used to evaluate the integrals overx ~Sec. IV A 1!. For ex-
ample, the first-generation experiment estimates that at 10
eV, 10% of their 33S level apparent cross section is due to
cascades@9#. We estimate that only around 1% of our 33S
cross section at 10 eV and 2% at 200 eV is due to cascades.

Our 3 3D cross-section measurement is virtually free of
cascades from then 3P levels. The cross sections into the
n 3F levels are unknown, but they are presumed to be small.
From this, and because of their relatively long lifetimes~72
and 138 ns for then54 and 5 levels!, we assume cascades
from the n 3F levels do not appreciably contribute to the
apparent cross section.

Of the cross sections that we report, the 33P apparent
cross section contains the largest cascade contributions to its
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value. We estimate that at 27 eV about 10% of its value is
due to cascades.

Since the apparent cross sections obtained in this paper
differ from the apparent cross section as defined in conven-
tional usage, we do not present these data directly to avoid
confusion. We apply the estimated cascade corrections as
indicated above, and show the direct excitation cross sections
in the succeeding sections.

2. Absolute cross sections

Figures 9 and 10 display the direct excitation cross sec-
tions from threshold to 500 eV for excitation into the 33D
level and to 300 eV for excitation into the 33S level. The
data include statistical error bars that do not reflect the over-
all 35% systematic uncertainty of our calibration method.
Table I lists our results at a number of different energies for
excitation into the 33S, 3 3P, 3 3D, and 43D levels. Due
to the long lifetime of the 33P level ~95 ns! and low filter
transmission at short wavelengths, we have only taken a lim-
ited amount of data for excitation into the 33P level.

B. Systematic effects

1. Polarization

We have neglected polarization effects. Allowing for po-
larization of both the metastable and ground-state signals,
our values need the additional correction

Q̄m~E!5Qm~E!F12^Pm~E!&/3

12^Pg&/3
G , ~11!

where Q̄m is the cross section corrected for polarization,
Qm is the uncorrected cross section, andPm andPg are the
polarization fractions of the metastable and ground-state sig-
nals averaged over the solid angle that light is collected
from. We include the electron energyE explicitly to empha-
size that the metastable polarization represents an excitation
function shape distortion effect while the ground-state polar-
ization represents a shift in the magnitude of the cross sec-
tion.

While the polarization of light emitted from excitation of
ground-state atomsPg is generally known, no previous mea-
surements have been made for metastable excitation. We

FIG. 9. Direct cross section for excitation into the 33S level.
The error bars indicate statistical error only, and do not include the
systematic uncertainty of the absolute calibration.

FIG. 10. Direct cross section for excitation into the 33D level.
The error bars indicate statistical error only, and do not include the
systematic uncertainty of the absolute calibration.

TABLE I. Direct cross sections for excitation from 23S to n 3L states. All cross sections are in units of
10216 cm2. Error bars are for 35% uncertainty in absolute calibration.

Incident energy Qd (10
216 cm2)

~eV! 3 3S 3 3P 3 3D 4 3D

3.5 8.16 2.8 5.16 1.8
6 2.26 0.9 6.76 2.3 1.060.4
10 2.56 0.7 1.660.7 6.36 2.2 1.160.31
16 2.26 0.8 5.46 1.9 0.9360.33
27 1.66 0.6 1.260.4 4.56 1.6 0.7560.26
40 1.26 0.4 3.56 1.2 0.6360.22
50 1.06 0.35 2.96 1.0 0.5660.20
100 0.616 0.21 1.56 0.5 0.2560.09
200 0.366 0.13 0.906 0.31
500 0.166 0.06 0.306 0.11
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have not measured the metastable polarization because of the
small signal rates associated with our apparatus. However,
based on reasonable estimates of the polarization fractions,
we still expect this to be a minor (!10%! correction to most
of our results. The 33S level should need no correction at
all.

As an example, consider the theoretical results of Flan-
nery and McCann@15# for polarization of the fluorescence
from the 33D level. The theory predicts the polarization
fraction varies from 0.175 near threshold to20.072 at 100
eV with the zero crossing between 20 and 50 eV. These
results would suggest that we may underestimate the cross
section at high energy by about 2.5% and overestimate the
cross section by 6% near threshold. Both of these corrections
seem negligible in light of our statistical uncertainty. Since
our absolute calibration experiment is done at 27 eV, near the
zero of the polarization fraction calculation, it should be
completely free of polarization corrections.

2. Contribution from non–2 3S levels

We estimate the fast beam fractions of the 21S meta-
stable level and 11S ground level to be 0.20 and 0.10, re-
spectively. In this section, we consider the effect of fluores-
cence from these levels upon our cross-section measurement.

Cross sections for excitation from the ground state are
smaller than those for excitation of the metastable levels by
two to three orders of magnitude over the entire energy
range. Hence, signal from fast ground-state atoms represents
a negligible correction to our measurements.

Excitation cross sections from the 21S into then 3L lev-
els have not been measured. For excitation out of the ground
level the spin-forbidden excitation (11S→n 3L) cross sec-
tions decrease with energy much more rapidly than do the
spin-conserving excitation (11S→n 1L) cross sections, but
the peak cross sections are in some cases comparable@4#.
Lockwood et al. @7#, however, showed that the peak
2 3S→n 1L cross sections are several times smaller than the
peak 21S→n 1L cross sections. For excitation into triplet
levels (n 3L), theoretical calculations predict the peak mag-
nitudes of the spin-exchange and spin-conserving cross sec-
tions may be comparable@16#. Taking these three sets of
comparisons together, we estimate that the singlet fraction in
the fast beam could lead to as much as a 10% correction to
our values near excitation threshold but almost no correction
at higher energies. Because we do not know the magnitudes
of the 2 1S→n 3L cross section, we have not attempted to

correct for excitation from the 21S level.

C. Comparison to previous experiments

Table II lists our results along with the direct cross sec-
tions of the first-generation experiment at 10 eV. Although
the latter are substantially larger than the former, the two sets
of cross sections overlap within their margins of uncertainty.
It is interesting to note that the ratios of the cross sections
(3 3D:3 3S:3 3P:4 3D) at 10 eV for our results
~1:0.39:0.26:0.17! show excellent agreement with the first-
generation experiment~1:0.41:0.23:0.18!. Furthermore,
while the two experiments disagree in magnitude, we obtain
virtually identical excitation function shapes in the energy
regime where the two experiments overlap.

The authors are aware of only two additional absolute
measurements of the integral excitation cross section for he-
lium metastable atoms. Both have been limited to energies
less than the ground-state threshold. Values for apparent
cross section at 10 eV for each experiment are also given in
Table II.

The experiment of Mityureva and Penkin@17# uses a low-
pressure~100 mTorr! discharge to produce metastable helium
atoms. Their results are much larger than the values we have
measured. Furthermore, they indicate that the cross sections
for both the 33P and 43D are larger than the cross section
for 3 3D in contradiction to both this experiment and theo-
retical predictions.

Gostevet al. @18# used a fast metastable beam formed by
resonant neutralization of a helium ion beam with a solid
converter. Our results would seem to compare favorably with
their values at 10 eV. However, their excitation functions are
drastically different from ours. For example, the ratio of the
3 3D peak cross section to the value at 10 eV is approxi-
mately 12 in their experiment, while our ratio is about 1.1.
Hence a comparison at just about any other energy would
lead to large discrepancy between our results and theirs.

D. Comparison to theory

Calculations of the electron-impact excitation cross sec-
tions out of the 23S level into then 3L levels withn from 2
to 5 by means of the Born approximation have been reported
by Ton-That, Manson, and Flannery@19#. Kim and Inokuti
@20# have also given Born cross sections for the
2 3S→3 3D excitation and their values are in good agree-
ment with those of Ton-That, Manson, and Flannery. In Fig.

TABLE II. Comparison of experimental cross-section results at 10 eV. The results from this experiment
and those of Piech are direct cross sections. Results from Refs.@17,18# are level cross sections that have not
been corrected for cascades. All cross sections are in units of 10216 cm2.

Piech Mityureva and Penkin Gostevet al. a

Level This expt. @9# ~1989! @17# ~1980! @18#

3 3S 2.5 3.9
3 3P 1.6 2.2 120 2
3 3D 6.3 9.5 8.5
4 3D 1.1 1.7 45 0.7

aThe excitation functions of@18# are drastically different from our results. Comparison at most energies other
than 10 eV would show a much larger discrepancy.
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11 we compare the measured 23S→3 3D excitation cross
sections with Born values in a Bethe plot of energy times the
cross section versus logE. For an excitation corresponding to
an optical quadrupole transition the Born cross sections be-
haves likeE21 at the high-energy limit~evident in Fig. 11 as
a flat line!. The experimental values ofEQ, however, in-
crease until about 200 eV, and then show a slight decline.
Clearly the cross sections have not yet reached the high-
energy Born regime at 500 eV. To examine the Born-Bethe
behavior it is necessary to measure the cross sections at en-
ergies much higher than 500 eV. This poses an experimental
problem since cross sections decrease with energy and the
signal becomes very weak. For the 23S→3 3S excitation
we have measured the cross section up 300 eV. At this en-
ergy the Bethe plot~not shown! is still rising and the mea-
sured cross section is much larger than the Born value.

At lower energies cross sections for the 23S→n 3L ex-
citations have been calculated using a variety of different
methods: the multichannel eikonal theory~MET! @15#, the
R-matrix method~RMM! @16#, the distorted-wave approxi-
mation~DWA! @21#, the updated multichannel eikonal theory

~DMET! @22#, two versions of the first-order many-body
theory ~FOMBT! @23#, and the convergent close-coupling
~CCC! method@24#. Selected theoretical cross sections for
the 3 3S and 33D levels from the various methods are
shown in Table III along with our experimental values. Here
we obtain the RMM and DMET cross sections by reading
from the plots given in the original papers and obtain the
DWA cross section at 31 eV by interpolating between 23 and
33 eV~after conversion to incident energy!. The MET calcu-
lation covers five energies from 5 to 100 eV, but we find the
difference in cross section between two adjacent energies too
large to interpolate for inclusion in Table III. A visual display
of the comparison of the experimental values of the present
work and of Refs.@9,18# with the various theoretical calcu-
lations for the 33D and 33S levels are shown in Figs. 12
and 13, respectively. The curves for the theoretical cross sec-
tions for these figures are obtained by joining cross-section
values taken out of tables given in the original papers or at
various energies directly off of the curves given in the origi-
nal papers.

The RMM values show very good agreement with our
results in both shape and magnitude. The DWA cross section
for 3 3S in the energy range of 13–23 eV~not included in
Table III! also agrees well with our measurement. Although
both MET and DMET give cross sections smaller than ours,
the general energy dependence of the 33D cross section
from these two methods is consistent with our data. The
FOMBT cross sections are larger than ours at 6 eV and
smaller than ours at 16 eV. The CCC method, which has
provided differential cross sections for excitation out of the
ground levelof He into various excited levels@25# in beau-
tiful agreement with experiments, gives cross sections about
one-half of our experimental values for excitation out of the
2 3Smetastable levels into the 33S and 33D levels. In this
regard it is interesting to note that the CCC values of the
ionization cross sections of the metastable He atom are also
smaller than the experimental values of Ref.@26# by approxi-
mately a factor of 2 and that the differential cross sections
for excitation out of the 23S level calculated by the CCC
method are likewise significantly below the experimental
values of Ref.@27#. In contrast the DWA and FOMBT show
reasonable agreement with the experimental differential

FIG. 11. Bethe plot for excitation into the 33D level compared
to Born theory calculations of Ton-That, Manson, and Flannery@19#
~solid line!. The error bars indicate statistical error only, and do not
include the systematic uncertainty of the absolute calibration.

TABLE III. Comparison of the experimental cross sections for excitation out of the 23S level into the
3 3S and 33D levels with theoretical values. See Sec. V for details concerning the calculations and sources
of the numbers quoted.

This
Theory

E ~eV! expt. RMM MET DMET DWA FOMBT~1! FOMBT~2! CCC

2 3S→3 3S excitation
6 2.2 2.8 0.94 5.90 7.70
10 2.5 2.1 1.51 1.0 2.58 3.01
16 2.2 0.94 1.75 1.86 1.20
31 1.6 0.71 1.1 0.779

2 3S→3 3D excitation
6 6.7 6.7 5.1 18.76 24.20
10 6.3 6.0 5.56 5.6 5.48 6.40
16 5.4 4.2 3.51 3.73 2.85
31 4.1 2.7 2.04
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cross sections out of the 23S level of Ref. @27#, and corre-
spondingly, the integral cross sections for excitation out of
the 2 3S level calculated by the DWA, and, to a lesser extent,
the FOMBT~except the low-energy part!, come closer to our
experimental cross sections than do the CCC values for these
integral cross sections.

Our 2 3S→3 3P excitation data cover only two energies.
At 10 eV our cross section, in units of 10216 cm2, is 1.6,
which is again quite close to the RMM value of 1.8, larger
than the MET and DMET values~0.618 and 0.97!, and
smaller than the two FOMBT values~2.30 and 2.90!. Of the
theoretical calculations cited above, only the CCC includes
cross sections for the 43D level which are 0.513, 0.497, and
0.429 at 16.2, 21, and 31 eV, respectively, as compared to the
corresponding values of 0.93, 0.86, and 0.73 from our ex-
periment.

It should be pointed out that our excitation function~as
well as that of the first-generation experiment! for the 3 3S
level shows a narrow peak at 4 eV preceding the broad main
curve. This feature of a double maximum is also found in the
RMM calculation.

VI. CONCLUSIONS

We have used a fast metastable He atomic beam target for
studying electron-impact excitation out of metastable levels
by using charge exchange between He1 ions and Cs atoms.
Because of the near-energy resonance the He atoms formed
in this reaction are mostly in the metastable levels with only
a small percentage (;10%! of the atoms in the ground level.
This is a significant improvement over the metastable atom
target used in the first-generation experiments in which the
metastable atoms are produced in a hollow cathode discharge
with a density ratio of a few parts in 105 ground-state atoms.

Because of this very low concentration of metastables from
the hollow cathode discharge, the earlier measurements of
excitation cross sections out of the metastable levels were
limited to electron energies below the threshold of ground-
level excitation. Using the new metastable atom target we
have measured excitation cross sections out of the metastable
levels up to 500 eV. An additional benefit of a fast beam
target is the reduced effect of cascades from higher levels.

To obtain absolute cross sections from the intensity of the
radiation emitted by the excited atoms, we have measured
the spatial distribution of the electron and metastable atom
beams, the optical profile of the detection system, as well as
measuring the absolute atom beam flux. The motion of the
excited atoms is also taken into account since the target at-
oms are moving at velocities in the range of 33107 cm/s, the
distances the atoms can travel in one lifetime are comparable
to the size of our viewing region. Because of the very low
target density, extreme care is taken to reduce the noise level.

The absolute cross sections from this experiment are
smaller than those from the first-generation experiment. On
the other hand, the relative cross sections determined by the
two experiments agree very well with each other in the en-
ergy range where the two sets of measurements overlap. Fur-
thermore, the ratio of cross-section results~i.e., 3 3S to
3 3D) are also in agreement between the two experiments,
the absolute results only differ in magnitude by a constant
factor. The absolute calibration of the first-generation experi-
ment was done by an entirely different method, i.e., a laser-
induced fluorescence~LIF! measurement to give the ratio of
the excitation cross section to the known oscillator strength
of the 2 2S→3 3P transition. This LIF measurement for ab-
solute calibration is being reexamined in order to understand
the discrepancy in the absolute cross section, although the
two sets of results overlap within their limits of uncertainty.

Theoretical calculations of the 22S→n 3L excitation

FIG. 12. Comparison of three sets of experimental cross sec-
tions~represented by individual data points! for excitation out of the
2 3S level into the 33D level with seven sets of theoretical values
~represented by curves!. The total experimental uncertainty for the
present work and for Ref.@9# is indicated by an error bar on one
data point. The error bar associated with the data point of Ref.@18#
is taken from that paper. Most of the theoretical curves are obtained
by joining the values at different energies given in the original
papers.

FIG. 13. Comparison of two sets of experimental cross sections
~represented by individual data points! for excitation out of the
2 3S level into the 33S level with eight sets of theoretical values
~represented by curves!. The total experimental uncertainty for each
set of experimental data is indicated by an error bar on one data
point. Most of the theoretical curves are obtained by joining the
values at different energies given in the original papers.
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cross section at low energies have been made by means of a
variety of sophisticated theoretical methods. We compare our
low-energy cross sections to theoretical calculations, and find
good agreement with theR-matrix calculation. In the
R-matrix calculation, the 11 lowest states of He (11S,
2 3S, 2 1S, 2 3P, 2 1P, 3 3S, 3 1S, 3 3P, 3 3D, 3 1D,
3 1P) are included. It would be interesting to ascertain
whether inclusion of additional states in the close-coupling
manifold would significantly affect the calculated
2 3S→3 3L excitation cross sections. Most of the other
theoretical calculations are lower than the measured cross
sections reported here. A similar discrepancy between theory
and experiment generally exists in comparing experimental
results for the ionization of metastable helium@26# with
theoretical calculations@24,28#, as well as in the measured
differential cross sections for metastable helium@27# and
theoretical values@15,21–24,29#. One exception to this gen-
eral trend is the good agreement with the DWA calculation
@21# in the differential and integral cross sections for excita-
tion into the 33S state. Some of the theoretical values cited

above were published only very recently. Continued theoreti-
cal and experimental efforts on excitation out of metastable
states should be most fruitful.

Our high-energy data show that the cross sections have
not reached the Born regime even at 500 eV. To make con-
tact with the Born-Bethe theoretical description, measure-
ments must be made in the keV energy range. Efforts to
improve the sensitivity of the cross-section measurement are
most important toward extending the experiment to high en-
ergies as well as obtaining cross sections for excitation into
the higher levels.
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