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Cross sections of electron excitation out of metastable helium levels with a fast metastable target
produced via charge exchange

Mark E. Lagus, John B. Boffard, L. W. Anderson, and Chun C. Lin
Department of Physics, University of Wisconsin, Madison, Wisconsin, 53706
(Received 11 September 1995

Absolute direct cross sections for electron excitation out of tH& Zevel and into the D, 4 °D, and
3 3S levels of the helium atom from threshold to 500 eV and into th#P3evel 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-keVistebeam 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 ofShev2! into the various
excited levels by monitoring the emission out of the excited level of interest.

PACS numbse(s): 34.80.Dp

I. INTRODUCTION periment to fill in the gaps on the triplet side measuriagd
in some cases remeasunngross sections out of the 35

Electron excitation out of excited atoms into higher ex-into then=3,4,5 3S, 2,3,4,5%P, and 3,4,5°D levels. The
cited levels is a fundamental physical process that plays afirst-generation experiments, however, are limited to cross-
important role in processes ranging from fluorescent lightingsection measurements from thresh@@db—4 e\ to about 16
to gas discharge lasers to upper atmosphere dynamics. Whig/ due to a high density of ground-level helium as detailed
electron excitation out of ground-level atoms has been studselow.
ied for the past 80 yeafd], experiments involving excited Rall, Lockwood, Piechet al. create the metastable atoms
atoms require novel techniques and hence a comprehensiire a hollow cathode He discharge. This production method
study of electron excitation out of excited levels has onlyyields a metastable atom number density of abodt-10°
recently begur2,3]. atoms/cni. Most of the atoms, however, emerge from the

Excited helium is a natural target candidate for electrorhollow cathode in the 4S, ground state of heliuntabout
excitation experiments. The two lowest-lying excited levels,10° times more ground-state than metastable ajofigen
the 2'S and 23S levels, are both extremely long-lived though the cross sections for electron excitation out of the
metastable levels so that once they are produced, the atogsound state are about three orders of magnitude smaller than
remain in the metastable levels until they collisionally deex-those for excitation out of the metastable levels, because of
cite (typically via collisions with the vacuum chamber the unfavorable ground-state to metastable population ratio,
Electron excitation out of the ground level of He has beeronce the electron energy is large enough to excite ground-
well studied and characteriz¢d,5] so that measurements of state atoms, the signal from the ground-state excitation over-
electron excitation cross sections out of the metastable levelghelms the metastable excitation signal.
of He allow one to compare excitation from excited levels to  The threshold for excitation from the ground state occurs
excitation out of the ground level. Furthermore, because hearound 23 eV. However, in order to obtain optimum electron
lium is the simplest multielectron atom, it is the natural atombeam focusing and to collect correctly all of the incident
for comparing experimental measurements to theoretical caklectrons, they applied a positive bias to their Faraday cup.
culations. This, combined with the high-energy tail of the electron en-

The study of electron excitation of metastable helium inergy distribution, significantly lowered the apparent onset of
our group began with the work of Radt al[6], who deter- ground-state excitation which, in practice, limited their ex-
mined absolute apparent excitation cross sections out of thgeriments to electron energies below 16 eV.
2 3Smetastable level and into the=3,4 3S, 3 3P, and 3,4, To better understand excitation out of the He metastable
5,6 3D levels by the optical method, i.e., by measuring thelevels, one must extend the measurements to much higher
intensity of the emission from the varions’L levels. Lock-  energies. In order to do this, one must have a metastable
woodet al.[7,8] refined the apparatus and extended the meaatom production method that yields metastable atoms with-
surements to the apparent excitation cross sections out ot the overwhelming ground-state contamination. For this
both the 21S and 23S levels and into thev=3,4 'S, 3,4 reason, in the present work, we describe an apparatus and
1p, and 3,4D levels. display the results of an experiment that uses the charge-

These initial measurements reveal drastic differences bdransfer process between fast He positive ions and Cs atoms
tween excitation out of the metastable levels and excitatiowia the reaction Hé + Cs—He* (2 1°S)+ Cs" to produce a
out of the ground levels. In order to better understand thesmetastable target with negligible ground-state contamination.
differences, Piech9] has continued this first-generation ex- One understands metastable formation via charge ex-
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FIG. 1. Schematic diagram of the apparatus.
PMT rf ion source chamber: rf ion sour¢BF); Einzel
OPTICS & lenses (E1, E2, and deflection platesH,V).
= Charge-transfer chamber: charge-transfer cell
(X). lon beam deflection chamber: iri$)( col-
limation apertures @), deflection plates D),

. DATA
RF ION SOURCE CHARGE DEFLECTION  ACQUISITION and off-line Faraday cugFC). Data acquisition

ION BEAM BEAM STOP

TRANSFER chamber: electron-gun—Faraday-cup setuyy (

F), optics, PMT. Beam stop chamber: neutral de-
tector (ND).

> 3m 1

change from the perspective that, to the zeroth-order explashambers are pumped by 8-in. diffusion pumps using
nation, charge exchange is described by a parameter knowBantovac-5 pumping fluid. We equip each pump, with the
as the energy defe&E which is simply the difference be- exception of the one for the ion source chamber, with a re-
tween the ionization energy of the donor atdim this case frigerated baffle. The background pressures range from about
C9 and the binding energy of the receiving atortt#e) en- 107 Torr for the charge-transfer chamber to around
ergy levels into which the electron transfers. Generally5x 101 Torr for the data acquisition chambéattainable
speaking, reactions that have small energy defects have largdter baking at 200°C for 48)h

charge-transfer cross sections, and vice versa. The reaction In addition to the radio frequency ion source, the first
He™ +Cs—He+Cs" is near resonant for the=2 levels of chamber also contains two Einzel lenses for beam focusing
He(AE range from—0.52 to 0.87 eV for the foun=2 and horizontal and vertical deflection plates to steer the
levels but highly nonresonant with the He ground statebeam. The second chamber houses the charge-transfer cell
(AE=20.69 eV so that at low collisional energies one ex- where we partially convert the Heions into metastable He
pects the charge-exchange process to populate primarily trgoms via the nearly resonant He Cs—He" (2 35)

n=2 levels of He. Because of this, the main source for+Cs" charge-exchange process. The third chamber contains
ground-state atoms in the neutral beam is production of atdeflection plates and an off-line Faraday cup so that we can
oms in the 2P level since atoms in this level decay prefer- remove and monitor the remaining ions from the beam. This
entially (with branching ratio 0.999to the ground state. chamber also houses an iris which we can open and close via

Using a time-of-flight method, Reynawe al. [10] found  a rotary motion feedthrough, thus we can vary the diameter
that the actual distribution of the populations among theof the atomic beam at the position of the iris. We also need
n=2 levels involves a much more detailed explanation tharthis chamber for differential pumping in order to handle the
one can obtain from an analysis based solely upon the energyas load from both the ion source and the charge-transfer
defects and the statistical weights of the various He levelgehambers. The fourth chamber houses the electron gun and
involved. In fact, this distribution depends upon both thethe data acquisition optics where we monitor the
alkali metal used and the incident ion enefd®,11. Over He*(2 13S)+e” —He*(n 13L)+e~ process. The atomic
the energy range 100-1250 eV, it is found that charge trandseam is crossed by an electron beam, and we monitor the
fer from Cs to He" ions does not populate theP level  fluorescence at right angles to both the electron and atomic
substantially. Therefore, unlike the first-generation experibeams. During operation, the pressure in the data acquisition
ment where a majority of the target atoms in the electrorchamberDAC) is usually less than 810 ° Torr. The final
excitation region were in the ground state, one expects thathamber contains our neutral detector.
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 The recirculating alkali-metal ovefFig. 2) consists of
imposed by the ground-state He contamination. This allow$hree main parts: the charge-exchange region, the throat, and
us to measure cross sections from excitation onset to arbthe reservoir. We chose to construct each part from stainless
trarily high electron energgin this case 500 e\ This paper ~ Steel because of its high resistance to corrosion by alkali
describes our apparatus and presents our results for electrfietals. The exchange region has entrance and exit apertures
excitation out of the 2S metastable level and into the that allow passage for the beams of helium ions and atoms
33s, 33p, 33D, and 43D levels. and an opening for the throat through which the cesium at-

The target density in the fast beam is about Bf  OmS enter. The exchange region’s inn_er surface slopes down
atoms/cnt, much lower than the metastable density in theffom the apertures to the throat opening. .
first-generation experiments~Gx10° cm~3). We present The throat tube is welded between.the ex.changg region
much of this paper from the perspective of the steps that wand a fIang'e that bolts to the reservoir. We insert into the
take to optimize our signal rates and to overcome variouéhrqat a stal_nless steel mes_h that extends from the exchange
noise sources in order to obtain electron excitation signai€gion opening to about an inch below the throat flange. Both
from the metastable levels of He. 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-

The apparatus has evolved into a beam line consisting ofide 200—600 W to the reservoir. Several tygpethermo-
five chambers shown in block diagram form in Fig. 1. All couples monitor the temperatures. Refrigerated baffles on ei-

A. Charge-exchange cell

Il. EXPERIMENTAL APPARATUS
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The cathode itself glows red to yellow hot, and the photo-
w multiplier tube(PMT) receives significantly more blackbody

radiation from the cathode than signal from electron excita-
< He, He?, He\ ﬂg\HeE"Chﬂnge tion of metastable helium. Because of the extreme sensitivity

to the cathode radiation, we have installed gold blackened
W Cs 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
| Throat range parallel to the axis of the metastable atom beam. We
use this translation feature in a number of diagnostic tests,
Y] Throat Flange and it allows us to maximize the signal collected from ex-
‘\ cited levels of various lifetimeésee Sec. Il A.
We collect the electrons with a Faraday cup assembly also
Mesh| > shown in Fig. 3. It has three sections: apertuk¢, (Faraday
cup tube 1), and back plateE). The Faraday cup tube is
encased by a grounded shiglECS 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.
FIG. 2. Detail of charge-transfer cell. The back plate is biased 30-50 V positive and is cone
shaped to reduce the fraction of secondary and reflected elec-
ther side of the oven are chilled te40°C in order to trons escaping from the Faraday cup. For the same reason,
condense the Cs that escapes the oven, thus reducing tivaen acquiring data at high incident electron energies, we
contamination of the apparatus. affix small permanent magnets to the exterior of the FCS
We heat the bottom reservoir which increases the alkalivith their poles perpendicular to the electron beam axis. The
metal’'s vapor pressure. This creates a large pressure diffemagnets and biased back plate are far enough from the col-
ence between the reservdmt 260 °Q and the exchange lision region so that their fields do not penetrate into the data
region (at 50 °Q, causing the atoms to travel through the acquisition region. Diagnostic tests indicate that these mea-
throat and into the exchange region where the alkali-metadures eliminate the problems associated with secondary and
atoms interact with the helium ions. The exchange regiomeflected electrons generated within the Faraday cup assem-
temperature must remain above the alkali metal’s meltingly.
point (30°C for C$ for the oven to recirculate. Conduction  In order to ensure a field-free collision region and to fur-
from the reservoir delivers more heat to the top portion of thether reduce the scattered light reaching our PMT, grounded
oven than is necessary so that we water cool copper blockgold blackened shields are installed on all four sides of the
which are in good thermal contact with the top of the throatcollision region. The plates above and below the electron
in order to keep the exchange region’s temperature in thbeam have circular apertures, allowing us to detect the fluo-

Cs Reservoir

correct temperature range. rescence from the He atoms. We cover these apertures with a
coarse small gauge wire mesh. This prevents field penetra-
B. Electron gun tion due to charge buildup on our optics’ nonconducting sur-

. . ) . faces. The metastable He beam passes through apertures on
We acquire data using an electron gun with 11 stainles P gh ap

. . L Rither side of the collision region.
steel grids(Fig. 3). Standard BaO indirectly heated button In order to keep the elec?rons within the most efficient
cathodes are used because they offer high emission curregtt

: : eas of our light gathering region, we first cancel the verti-
density at relatively low temperaturéaround 1000 K [12]. cal and horizontal components of the earth’s magnetic field

with two Helmholtz pairs. We use a third Helmholtz pair to

BT s A apply a 10-25 G collimating magnetic field along the elec-
Hil 1 |' He' Axis tron beam axis.
Faraday Cup Center Line T“““” lHHP o C. Neutral detector
. P ”

L Flecon beam aris l|l||| | [][ e The primary components of the neutral detector include a
o T J_||<g Translation back plate, a collection tubi@ cm diamx 10 cm length, and
o | Fooee two entrance grids. This detector functions in three modes: as
200—D— ; .
v 3%’:53'@ a secondary electron collector to monitor neutrals, as a Far-

Region aday cup to measure ions, and as a thermal detector to moni-

tor either ions or neutrals. As a secondary electron collector,

FIG. 3. Detail of translating electron gun Faraday cup assemblythe back plate and entrance grids are biased negative, and we
A, apertureT, Faraday cup tubeB, back plate; FCS, Faraday cup monitor the secondary electron current on the collection
shield; S, gold blackened optical shield. tube. In Faraday cup mode, the back plate and collection



1508 LAGUS, BOFFARD, ANDERSON, AND LIN 53

tube are connected to an ammeter, while a negative bias volgetting the charge-exchange oven temperature to approxi-
age applied to the entrance grids suppresses secondary el@gately 250°C gives a Cs target thickness well within the
trons. single collision regime for converting the ions into meta-

The secondary electron currdpfp is used to measure the stable atoms. At the position of the electron beam thé He
relative flux of He" atoms in the beam as data are collected nymber density is approximately>3L0° atoms/cnt. We
However, to determine the Hebeam-particle currenftye«  monitor the metastable flux using the neutral detector in sec-
from thelyp one must know the secondary electron ejectiongngary electron collecting mode.
coefficient y*, which varies considerably with the surface  The 1.6-keV He atoms have a velocity of 2:7707 cm/s.
conditions[13]. See Sec. IV A 4 for our method of measur- pmost of the upper levels that interest us have lifetimes that
ing y*. range from 14 to 95 ns. Hence, in one lifetime, the excited

To determine the absolute He metastable flux, we use thgioms travel between 0.4 and 3 cm from the position where
detector in thermal modd4]. The energy deposited onto the they are created before they decay. In order to maximize the
back plate per incident particle depends upon the kinetic ensignal, we translate the electron gun to a position upstream of
ergy of the particle rather than its species; each ion or metahe optical viewing region. The translation distance depends
stable atom deposits 1.6 keV. Hence we determine the sensin, the transition from which we collect the fluorescence.
tivity of the detector by using an ion beam measured | data are acquired with a 25-G magnetic field applied
absolutely by the detector in Faraday cup mode. The back|ong the electron beam axis. The electron beam shows ef-
plate consists of a 2m polyvinylidene fluoride(PVDF)  fects of space charge at low incident electron energies with
pyroelectric film held between two oxygen-free high- an abrupt transition to non-space-charge-limited behavior at
conductivity (OFHC) copper clamping flanges which act as higher energies. The exact transition energy depends upon
heat sinks. As the He (or He") heats the detector, the the voltages applied to the electron gun grids and can be set
PVDF polymer deforms, moving charges to the aluminumgrbitrarily low. However, the magnitude of the electron cur-
electrodes on the front and back surfaces. The charge movegnt in the non-space-charge-limited regime increases with
to the back surface is detected using a high-impedance fieldhe transition energy so that to operate above the space-
effect transisto(FET) operational amplifier. By modulating charge regime, and to maximize the signal rate, we acquire
the H&" beam on and off the beam signal can be separategata using a variety of electron gun settings.
from thermal drifts and bias currents. While the back surface we have also found that the position of the electron
of the PVDF film is connected to the thermal detector cCir-heam’s center is not constant for all energies. Evidence indi-
cuitry, the front surface can be connected in the either theates that the shifting behavior results from a slight misalign-
Faraday cup configuration or in the secondary electron colment between the electron beam axis and the applied axial
lection mode. magnetic field(presumably due to slop in the translation

stage. If ignored, the magnitude of the beam shi&t { mm)
D. Optics is enough to introduce smab—10 % systematic distortions
An /0.93 aspheric lens one focal length above the colliiN the shape of the excitation functions. To account for this,

sion region and a concave mirror two focal lengths below ardV® collect fluorescenc_e_ at three or four gun positions that
used to collect the fluorescence from the electron excitatiofC/"€SPONd to the position of the peak sigal mm. At

process. The mirror increases the solid angle from which w&2Ch gun position, we acquire data at three vertical positions
gather photons, resulting in a 60% increase in signal. Thé?f the fast bearicontrolled by steering plates in the rf ion

light then passes through a 1-nm full width at half maximumS°urce chamberThe subsequent analysis of all the data av-
(FWHM) narrow bandwidth interference filter which spec- erages °“.t al?y eLfecdts of t?]e s(:uftmg rt])eamt.) ining d

trally isolates the transition of interest. Finally;& magni- W‘? typically take ata!P__ a day. When obtaining data at
fication lens system images the viewing region onto the pho2 variety of electron energies, we cycle through the energies
tocathode of our PMT. We use a Burle C31034A-02 GaAs©® eliminate any long time scale variations occurring over the

PMT thermoelectrically cooled te-30°C in photon count- dura_tlon O.f our data runs. it ge_nerally take_s several weeks to
ing mode. obtain a single excitation function. The various parameters of

operation(i.e., neutral detector response, atom beam focus
and position, etg. are reasonably stable and reproducible
over a time period of weeks.

In measuring electron excitation cross sections, two things Because of the extremely small metastable number den-
interest us: the energy dependence of the excitation functiosity and relatively large noise sources, we employ a double
and the absolute magnitude of the cross section. The presef@am modulation strategy to extract the electron excitation
section discusses how we measure the shape of the excitatiohthe He* signal. Amplified PMT pulses are fed into a dis-

functions. We present our method of absolute calibration ircriminator. The large amount of rf noise generated by our ion
Sec. IV. source dictates that we set the discriminatory level at a rela-

tively high level. A separate gating circuit modulates the
o ) ) electron beam on or off with a period of 1.6 ms. The circuit
A. Acquisition of relative cross section also generates two gates,and B, both of 700us width.

To measure relative cross sections for electron excitatiodhe A gate starts 7Qus after the electron beam is turned on,
out of the metastable levels of helium, we proceed in theand theB gate starts 7Qs after the electron beam is turned
following manner. The rf ion source produces a 1.6-keV ionoff. The gates control two counters that are read into a com-
beam with a measured energy spread of 40(EWHM).  puter. The fas{1.6 mg modulation of the electron gun along

. METHOD OF MEASUREMENT
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with the slow(100 9 modulation of the H& beam generates

two pairs of counter readings—with the Héream on A, (Z);fé:
andB,,), and with the H& beam off (A, andB). The A y-axis

metastable electron excitation sign&, is given by e~ beam
Sn=(Aon =B on) = (Aot —Bost ) -

B. Discussion of noise

» X-axis
For the purposes of our discussion, noise that registers as He* beam
counts falls into four basic categories: dc sour(esthode
light, rf noise, PMT dark currehtsources that vary with the
electron beam(electron-surface collisions, inelastic colli-
sions with background gas atomsoise that varies with the
metastable beanfresonance light from metastable beéam
and noise that varies with both the electron and the meta-
stable beaméelectron excitation of ground-state He atoms if ypsoyte calibration. We then present the results of the abso-

the He partial pressure varies with the metastable beam e calibration along with an error analysis in Sec. IV B.
Because of the extremely thin metastable target, we assume

that the H& 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 Consider a monoenergetic electron beam energetic

noise. We have had to take additional measures to eliminatenough to excite atoms from both the’8 metastable level

the fourth category of noise. and the ground state. We perform two experiments: one with
Before the addition of metastable beam collimating apera fast H& beam target, and one with a chamber filled with

tures into the ion beam deflection chamber and prior to exground-state helium gas. The number of photons counted,

tension of the beam line to include the beam stop chambe,, and S, for the metastable and ground-state experiments,

we used a quadrupole mass analy#@A) to measure a He respectively, are

partial pressure in the data acquisition chamber that fluctu-

ated in phase with the metastable beam. We ascribed this gas _ > AR -

load to the large relatively uncollimated Elebeam striking Sm_ng’BAf Cr(rnm(nI(r)/eldr @

surfaces and collisionally deexciting within the chamber. We

were also able to see electron excitation of ground-state afind

oms (despite the double subtractjoim our early excitation

functions due_to this fluctuating gas Ioad_. _After installation of Sy=£QqBA’ f D F)ng(F)[J’(F)/e]dF, ?)

the beam collimating apertures and addition of the beam stop

chamber, the QMA did not register the He partial pressure ) o ]
fluctuations, nor are we able to see ground-state contaminj¢hereé is the total detector sensitivitifor optics and elec-

tion in our excitation functions. tronics, Q is the apparent cross sectigh,is the branching
By taking different combinations of the four counter read-atio, A the counter period} is the probability of detecting
ings we determine the size of the various noise sources in o photon from an atorexcitedat positionr, n is the number

experiment. As an example, consider electron 3excitatio.n int@lensity of targets at, J is the electron current density at
the 3D level for which we observe the 3—2 °P transi- r, eis the absolute value of the electron charge, the primed

Fionl (587.6 nm. Thif{ Iinelh(?g thezlarlgest t%tal Siﬁ,”al dut? to quantities refer to the ground-state experiment, and thed
its large cross section~10™ cm?), large branching ratio g sypscripts refer to the fact that the metastable experiment is
(1.00, short lifetime(14 ng, good filter transmissiotb5%),  gone with a fast beam, while the ground-state experiment
and good PMT quantum efficiend20%). While the black- | ses 5 slowtherma) target. By taking the ratio of these two
body radiation is moderate at 587.6 nm, the fluorescencgjgna|s we eliminate the unknown detector sensitivity; solv-

from the He* beam itself is a more serious problem. Foring for the metastable cross section gives an expression for
typical He* and electron beam currents, we detect eigh

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- Qm= g<
tered blackbody cathode light; and 900 count/s of light given

off by the He* beam.

FIG. 4. Coordinate systenY. axis is into page.

A. Method

IA\ [®(r)ng(r) I’ (r)dr
Sm )f (r)ng(r)J’(r)dr @

Sg/A") [D(r)ny(NI(rdr

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 systerfFig. 4) such that the H& beam is
Our method of absolute calibration is described in thisalong thex axis, the electron beam is along tiieaxis, and
section. First we derive the equation for finding the metathe optics are on the axis. Assuming that the beams have
stable cross section in terms of the known ground-state crosylindrical symmetry about their respective axes of propaga-
section. The subsequent four subsections describe sevetan over the size of the collision region, then each term in
auxiliary experiments needed to find quantities needed in ththe integrals is only a function of two coordinates, e.g.,

IV. ABSOLUTE CALIBRATION



1510 LAGUS, BOFFARD, ANDERSON, AND LIN 53

(D(F):(I)(X'y) We further assume that each function is When we include the proper normalization COhditiOﬂS, we
separable, i.e.®(x,y)=d(x)®(y). These assumptions, Oobtain the equation
which are exact in the case of Gaussian profiles, allow us to

! %) 2
more readily calculate a final answer. = Sn/2 I—GH%}—% f J'm(Y)dY}
The ®; (r) functions are closely related to the optical LS/ A e[ Q1) (herTe00) [ -
profile of our viewing region. We define the optical profile 12..Q(y)dy

. - : i : JZ ie(2)dz
function Q)(r) to be the relative probability of detecting a . 5)

X| == - = -
photon emitted at. In contrast®; (r) are defined to be the [ QWIm(YAY LS =] o 2)m(2)d2
relative probability of detecting photons by atomscitedat  Thjs equation requires two additional quantities to convert it
positionr. The subscriptd§ and s remind us that the fast into factors that are directly measured. First, we measure the
metastable atoms travel further from the position of the elecpartial pressureAP,; of ground-state helium using an ion
tron beam before they decay than do the slow ground-statgauge. This is related to thteue helium pressure by some
atoms. Hence we Writ@f’S(F)ZQ(FJr Jf,sT) whereT isthe  correction factorK which accounts for the ion gauge’s de-
time between excitation and decay of the atoms. Since &reased sensitivity for helium. Using the ideal gas law we
collection of excited atoms follows an exponential decay, convert the pressure reading into a ground-state number den-
is not fixed for a given transition. The finer details of this Sity, ng=KAPg/kT, wherek is the Boltzmann constant and
point are addressed in the next section. Clearly, for thermal is the temperature. Next, we note that we measure the
velocity atoms and excited states having lifetimes on thesecondary electron current from a mixed triplet-singlet meta-
order of tens of nanosecondsQ(r+o.T)=Q(r) stablt_a beam. Hence if the part_lcle current of metas_table at-
—Q(x)Q(y). Similarly we also neglect the transverse veloc-0MS iS {np/7*), then the particle current of 25 helium
ity in the fast beam. As a result, atoms isf+(Ino/ v*), W.her_efT. is the fraction of triplets in
O +0,T)=Q(x+ 0T Y) =0, () Q(Y). the beam. Upon substitution into E¢p) we obtain

The metastable number density for a beam of atoms mov- S /AL Qv AP
ing with velocity v is J(y,2)/vs, whereJ,, is the He" Qm=0Qq S /AT I—e Q—S I “t, (6)
particle flux. We now define both the electron current density S ell®7f] 'ND

and the ~He& flux to have the form \nerey; represents a conversion factor which includes the

—10 i o _ : . .
Jem(U,0)=Je mi g,m(U)Je,mgl{)v where thej’s are normal-  yarious fixed numerical constants and the overlap integrals
ized profile functions, and” is found from the condition that f the optics, electron beam, and atom beam,

the integrated current density or flux equals the total current

or particle current. We further assume that the profile of the K © I 1”.Q(y)dy
electron beam is the same for the ground-state experiment Z¢= KT €vf f im(y)dy = (V)i d
. e = T o JZ20(Y)jm(y)dy
and the metastable-state experiment. This is valid if the he-
lium pressure is kept smalk(10~° Torr). The integrals then [ ie(2)dz
become = 2| ()
J 2 ie(D)im(2)dz

fQS(F)ng(F)J’(F)dF Ng {JéOH TO(X)je(x)dx The guantities incluged in E@6) (such as the electron cur-
= === ol To o roae rent and gas pressyrgary from one data run to the next.
FQUNNNIMNr G | Je J[TQr(X)]e(x)dx The quantities included in the conversion factor, however,
1Q(y)dy only vary slowly with time. Furthermore;; is independent
[m} of the transition being observed. Hence it needs to be deter-
m

mined only once.
{ Jie(2)dz }

(4) 1. Calculation of integrals over x

je(2)jm(2)dz
[1e2)in(2) In the preceding section, we found that the integration

] i _overx (with a few minor alternations in notatipneduced to
Since the electron beams have the same profiles, the ratio gfg ratio

current densities),%/J8 equals the ratio of measured total
currentl /1. Qs JOMX)je(x;xs)dx

The integrals ovex relate the overlap of where excited Q_f_ TOX+vsT)jo(X;Xp)dX’ ®
atoms are created to the optical detection efficiency at the
point where the atoms decay. Using the model developed iwherex is a variable corresponding to the position where the
the next section, we replace theintegrals with the calcu- excited atoms are created. Since we move the electron gun to
lated ratio (25/Q¢). The next two sets of integral ratios maximize the fast beam signal, andx; label the positions
depend upon the size of the Hdeam. The ratio of inte-  of the electron gun in the experiments with the slow and fast
grals compares the full size of the viewing regi@s with a  beams, respectively. From the form of this expression, one
ground-state targgwith the overlap of the H& beam and sees that this ratio depends upon the position of the electron
the optical efficiency. Likewise, theintegral ratio compares beam, the velocity of the fast beam, and the lifetime of the
the width of the electron beam with the overlap of the elec-excited level. In order to determine this ratio, we replace
tron and atom beams. 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 poskianFirst 1.0 . T T '

we divide the electron beam profile along tkeaxis into

slices of widthAx. The jth electron beam slicentered at 0.8- i
X;) excitesNj=Cj(X;) atoms in the target beam, whejrg )

is the profile of the electron current aflis some constant. -~

Then, within any increment widtAx centered ak; along x 0-6] 1
the atom beam axis, a certain number of these atoms decay. <

The number of remaining excited atorhl$ entering the in- 0.4 1
terval is equal tdN;exd — (X;—X;)/v¢7], wherer is the life-

time of the excited state. One would expect the number of 0.2- _
decays within theith interval to be a product OIN}, the s / .
probability per unit time of decay which is the Einstéirfor 0.0 00~ . '\-:g\h,_ R
that transitionA,;, and the amount of timat required for 15 -1.0  -05 0.0 0.5 1.0
the atom to traverse the length of one interval equal to Electron Gun Position (cm along x axis)

Axlv¢. The fraction of these photons that one actually de-

tects depends upon where, relative to the peak of the Gauss-

ian optical profilex;, the decays occur. Hence the optical  FiG. 5. Calculated profiles for a thermal beam with excited-state
s!gnal collected from thgth slice of the electron beam is |ifetime of 14 ns @), and two fast beamél.6 keV) with excited-
simply state lifetimes of 14 ns¢ ) and 36 ns @).

perform the absolute calibration at a variety of electron gun
positions ks not necessarily equal to) and use the appro-
priate values foK)s and();.

NjAyAX
e

(Xe—xi)2/202 9
. , ©

sj(xf>=2i

where o is the experimentally determined width of our
Gaussian optical profile and is the center of théth interval . o . _
(with x; ,x. measured relative to our gun’s initial position  In practice, the most difficult step in our absolute calibra-

2. Determination of profile functions

Xq). tion procedure is the accurate determination of profile func-
We then sum over all of the slices of the electron beam tdions for the optics, electron beam, and metastable beam. For
obtain the total signal from the fast beam, 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
Qi(x) =2 Si(xy). (100 beams, we employ the rotating wire apparatiég. 7),
! which consists of a rotary motion feedthrough electrically
. - . _ separated from the chamber by a ceramic break. On the end
We obtain a similar expression for the total signal from theyt e feedthrough is a bent 0.010-in. tungsten wire which
slow beam)(xy) via the 'd.en“c‘?" procedure. . rotates in a circle of 16.5 mm diameter. When the neutral
These summations entail straightforward numerical Calcubeam strikes the wire, secondary electrons are ejected. We

lations that we have performed. _The absolute magnitudes cHetermine the neural beam profile by measuring the secon-
the profiles(l ¢ are set by the arbitrary constef hOwever, 51y electron current as a function of wire position.
we are only interested in the shape of the profiles. In Fig. 5,

we plot the normalized profileQ(x) for thermal velocity

atoms andQ¢(x) for a fast beam using two different life- 1.0 T . .

times for the fast beam. One sees that the peak in the fast Ag

atomic beam signal occurs at electron gun positions signifi- 8] P ]
cantly upstream of the optical axis whereas the excitation i

from the thermal velocity atoms has maximum signal di-
rectly beneath the opticx{=0). 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 profileQ(x) andQ4(x) as a function of elec- .
tron gun positiongas described in Sec. IV A)2The results '91.0 T 05 0.0 0.5 10
in Fig. 6 show good agreement between the measured and
calculated profiles.

We use our calculation to determine the ratio
[Q4(xs)/Q4(Xs)]. For example, the 5876-A line has a 14-ns  FiG. 6. Comparison between calculated and measured profiles
lifetime. For a gun position centered beneath the optical axifor fast (¢ , 2 35—3 °D) and slow (1, 1*S—3 D) targets. Data
(xs=%;=0), Q4(0)=1.0 andQ(0)=0.51. In actuality, we are normalized to calculatiorines) at peaks.

Electron Gun Position (cm along x axis)
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FIG. 7. Schematic diagram of rotating wire assembly. FIG. 8. Profiles of electron bearf>) and neutral beantl)

obtained from rotating wire apparatus.

By directly measuring the current on the wire as a func-
tion of wire position, t_he same apparatus Is used to find th%allbratlon traceable to the National Institute of Standards
electron current distribution. The measured current on the .

. . L . and Technology. Because we typically perform the ground-
wire actually consists of the incident electron current minus . . d :
state helium experiment at helium partial pressures below

the secondary electron current. Because the secondary elelcd,ﬁ Torr, calibration of the ion gauge in the lowest pressure

tron current is proportional to the incident electron current, . ,
range required two steps. First, over the range of pressures
secondary electrons do not affect the shape of the electrovr\llhere the baratron is calibratétiom 10°° to 102 Torr)
current distribution. Furthermore, while the presence of the . ; Lo L
iﬁ determined that the ion gauge reading is proportional to
t

wire does not disturb a neutral beam, one may questio e output of the baratron with a correction fackoequal to
whether the wire affects an electron beam. This concern do 0 The factork includes both the fact that the helium

not appear to be a serious problem; biasing the wire-tzy ionization rate is smaller than the ionization rate for air and
V does not change the profile. o . \
A 360° rotation of the wire yields two profiles for each the systematic Inaccuracy of the ion gauge’s response. Sec-
ond, beginning with the lowest He partial pressures

beam. The difference between the profiles gives an indicatiop” > : .
of the spread of the beams as they propagate. The two neutral 210" Tom) and extending well into the baratron gauge

_5 .
beam profiles are functionally identic@s one would expect (ra?gc?t(rao(r:g)éiigtion-rgir?’;a\ivgu??)tfetrgln?gut:gggﬁa 3\/”;2“”:00;_
for a collimated beamso that we may use either profile as 9 Y prop

the distribution at the collision region. Both electron beam'_[ll_zgzletct)vfgesrt’;eSssg’r;nvgz';?avtvee tr;aetatshuereie\:l\gétrtgenzzgsgl?rlé%eb
profiles are well approximated by Gaussians, but the Gaus P P y

ian on the far side of the collision region is significantly ?he ionization gauge is linear over four orders of magnitude

wider than the one nearest the electron gun. Therefore w%nd that we obtain the absolute He partial pressure by mul-

assume that the profile at the center is a Gaussian having:I Iyln%rth(?[i pr?rfnalt prr(?srs::re Ofé?égeg from our ion gauge by
FWHM which is the average of the FWHM of the far- and e correction factor for He ( -5).

near-side profiles. Furthermore, the fact that all of the pro-

files (see Fig. 8 are well approximated by Gaussians lends 4. Determination ofy*

credence to the separation of variables step employed in the 1, steps were employed in determining. The first

derivation of cross-section formulation. 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

We perform the ground-state helium experiment in acomponent remaining in the charge-exchanged fast beam.
flowing mode. By increasing helium flow into the system atUsing the detector in Faraday cup mode, we measure the
the position of the ion source and by closing various combi-absolute ion current incident upon the detector. We simulta-
nations of gate valves along the beam line, we can raise theeously record the voltage output from the charge-sensitive
partial pressure of helium within the DAC to arbitrarily high amplifier connected to the back surface of the PVDF film.
values. We then record the difference in the pressure readinghis voltage signal is proportional to the heat absorbed by
AP of an ion gauge mounted in the chamber with the hethe film in the 30-s modulation period. The ratio of these two
lium flow on and off. signals determines the detector sensitivjtyexpressed in V/

In order to calibrate our ion gauge for helium, we tempo-uA for 1.6-keV particles(for a fixed 30-s modulation pe-
rarily installed an MKS Type 120AA Baratron Vacuum riod). We have verified thay is constant for beam currents
Gauge onto the side arm in close proximity with the ionfrom 0.1 to 10uA.
gauge. This baratron has a quoted resolution of°16¥ its We next use the thermal detector to measure thé& He
0.1 Torr, but output voltage fluctuations limited our measure-particle current. To do this, we first deflect the ions remain-
ments to above 51078 Torr. It also has a recent absolute ing in the charge-exchanged beam, leaving us with only

3. Determination of ground-state He number density
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metastable atoms. Next, the modulation voltage is applied to Additional uncertainties contribute to the total uncertainty
a set of deflection plates in front of the charge-exchange celin Q,,. The ratio /) depends on the optical and elec-
this modulates the He beam on and off. We now use the tron gun profiles, and as a result has about a 5% uncertainty.
voltage output of the thermal detector along with the value ofpe measure the secondary electron emission coeffigi&nt
n found from the ion measurement to determing-. Fi-  to about 10% uncertainty, while the statistical uncertainty in
nally, y* is found from the ratio of secondary electron cur- the metastable signal ranges from 5% to 15% depending on
rent to calculated He particle current. We measung® be-  the transition. The remaining values used to find the ratio of
fore each data collection run using the same ion beanfe metastable cross section to ground-state cross section
focusing as used in the data run. have negligible uncertainty<(3%) since they rely only on

the linearity of the measuring device. For the ground-state

5. Triplet fraction, f; excitation cross sections we use the values of RHf.
The fraction of 23S He atoms in the fast beam primarily
depends upon two factors: the fraction of the ions that un- V. RESULTS AND DISCUSSION
dergo charge exchange with Cs and end up in tie Revel, A. Absolute results
and how much of the ion beam is neutralized by collisions ) ) )
with background gas. For 1.0-keV Heincident on cesium, We perform the absolute calibration experiment at one

Reynaudet al. have measurefl;=0.72[10]. At higher en- electron energy that corresponds to the peak of the ground-
ergies one expects this to approach the statistical weight gftate cross sectiof27 eV). We then use our relative excita-

2 The triplet fraction in our beam is slightly less than this tion functions to obtain the absolute cross section at all en-
value because a finite number of the ions undergo resonagtgies. As a check of the robustness of our method we have
exchange with the residual helium gas before the ions reacperformed the calibration experiment at different electron
the charge-transfer cell. Most of this resonant neutralizatiogun focus conditions and gun positions. The present work
occurs upstream of the deflection plates that modulate theeports absolute apparent cross sections from tA8 Reta-
signal so that this contribution is a dc noise source that getstable level into four higher-lying excited levels: the=3
subtracted off in the data analysis. Nevertheless, from théS, 3P, and D levels and the £D level.

background pressure in the ion source chamber, the resonant

charge-exchange cross section, and the path length of the 1. Cascade contributions

ions, we estimate that less t_han 2% of the ion beam is con- \we measure apparent cross sections which are the sum of
verted into ground-state helium due to resonant charge expe girect excitation cross sections and cascades from higher
change between the deflection plates and the charge-transigie|s. However, in the case of our fast beam target, the
cell. Allowing for these effects, we estimate is equal 10 gpnarent and direct cross sections are nearly identical in con-
0.70+0.03. 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 decay®ne from the
higher-lying level into our level of interest and the subse-
The first step in the calculation of absolute cross section isjuent decay that we detg¢awhereas the photons resulting
the determination of the conversion factsr;. Once the from direct electron excitation only require one decay. For
value of £ is known, it is a simple matter to find the value example, the primary cascade contributions intoSrendD
of the absolute cross section from E§). levels are from thd® levels. The lifetimes of the 3, 4, and 5
Two sets of quantities are needed to finid: a number of 3P levels (95, 154, and 234 ndranslate into one lifetime
numerical constantg¢such as the electron charge and theflight distances of 3, 4.5, and 7 cm, respectively. Most of the
beam velocity, and profile functions for the optics, electron atoms excited into these levels do not decay into our levels
beam, and atom beam. We combine the numerical constane$ interest until they travel beyond the viewing region.
and numerically integrate the profiles to obtain a value for We quantitatively estimate the reduction of the cascade
i, contributions to our absolute cross sections due to the fast
The value of #; depends strongly upon the ion beam motion of the target beam using a method similar to the one
focus conditions which determine the neutral beam profileused to evaluate the integrals ovefSec. IV A 1). For ex-
However, it is only weakly dependent upon the electronample, the first-generation experiment estimates that at 10
beam and optical profiles. For example, changing the eleceV, 10% of their 3%S level apparent cross section is due to
tron beam width by 20% vyields a 5% change#n. Simi-  cascade$9]. We estimate that only around 1% of our's
larly, changing the Gaussian profile of the electron beam to &ross section at 10 eV and 2% at 200 eV is due to cascades.
square profile causes only a 5% change. This is in contrast to Our 3 3D cross-section measurement is virtually free of
a 10% random variation in the answer from using differentcascades from tha 3P levels. The cross sections into the
metastable beam profiles taken with the same ion beam fo °F levels are unknown, but they are presumed to be small.
cusing. Combining this 10% uncertainty in quadrature withFrom this, and because of their relatively long lifetini@g
estimates for the other sources of uncertaifiyo each for and 138 ns for th@=4 and 5 levels we assume cascades
the optics and electron gun profiles, 3% for beam velocityfrom the n 3F levels do not appreciably contribute to the
10% for the temperature, 5% for each for the ion gaugeapparent cross section.
correction and triplet fraction the total uncertainty ir¢; is Of the cross sections that we report, thé B apparent
estimated to be on the order of 20%. cross section contains the largest cascade contributions to its

B. Results and analysis of uncertainties
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FIG. 9. Direct cross section for excitation into the’S level. FIG. 10. Direct cross section for excitation into thé B level.
The error bars indicate statistical error only, and do not include thé'he error bars indicate statistical error only, and do not include the
systematic uncertainty of the absolute calibration. systematic uncertainty of the absolute calibration.

. . . B. Systematic effect
value. We estimate that at 27 eV about 10% of its value is ystematic ettects

due to cascades. 1. Polarization

Since the apparent cross sections obtained in this paper \ye pave neglected polarization effects. Allowing for po-

differ from the apparent cross section as defined in convenyrization of both the metastable and ground-state signals,
tional usage, we do not present these data directly to avoigyr values need the additional correction

confusion. We apply the estimated cascade corrections as

indicated above, and show the direct excitation cross sections — 1—(P(E))/3
in the succeeding sections. Qm(E)=Qm(E) —1_<Pg>/3 , (11
2. Absolute cross sections where (Sm is the cross section corrected for polarization,

Qnm is the uncorrected cross section, @d and P are the

Figures 9 and 10 display the direct excitation cross secpolarization fractions of the metastable and ground-state sig-
tions from threshold to 500 eV for excitation into the’B nals averaged over the solid angle that light is collected
level and to 300 eV for excitation into the %5 level. The  from. We include the electron ener@yexplicitly to empha-
data include statistical error bars that do not reflect the oversize that the metastable polarization represents an excitation
all 35% systematic uncertainty of our calibration method.function shape distortion effect while the ground-state polar-
Table | lists our results at a number of different energies forization represents a shift in the magnitude of the cross sec-
excitation into the 3S, 3 3P, 3 °D, and 4°D levels. Due tion.

to the long lifetime of the P level (95 n9 and low filter While the polarization of light emitted from excitation of
transmission at short wavelengths, we have only taken a limground-state atomBy, is generally known, no previous mea-
ited amount of data for excitation into the®® level. surements have been made for metastable excitation. We

TABLE |. Direct cross sections for excitation from35 to n 3L states. All cross sections are in units of
107 cm?. Error bars are for 35% uncertainty in absolute calibration.

Incident energy Qq (10 ¥ cm?)

(eVv) 33 33 3° 43D
35 8.1+ 2.8 51+ 1.8

6 2.2+ 09 6.7+ 2.3 1.0:04
10 25+ 0.7 1.6:0.7 6.3+ 2.2 1.1+-0.31
16 2.2+ 0.8 54+ 19 0.93:0.33
27 1.6+ 0.6 1.2:t04 45+ 1.6 0.75-0.26
40 1.2+ 04 35+ 1.2 0.63:0.22
50 1.0+ 0.35 29+ 1.0 0.56-0.20
100 0.61+ 0.21 1.5+ 0.5 0.25-0.09
200 0.36+ 0.13 0.90+ 0.31

500 0.16= 0.06 0.30= 0.11




53 CROSS SECTIONS OF ELECTRON EXCITATION OUT OF ... 1515

TABLE Il. Comparison of experimental cross-section results at 10 eV. The results from this experiment
and those of Piech are direct cross sections. Results from [R&{48 are level cross sections that have not
been corrected for cascades. All cross sections are in units df tén?.

Piech Mityureva and Penkin Gosteval.?
Level This expt. [9] (1989 [17] (1980 [18]
33s 25 3.9
3% 1.6 2.2 120 2
3% 6.3 9.5 8.5
43D 1.1 1.7 45 0.7

&The excitation functions df18] are drastically different from our results. Comparison at most energies other
than 10 eV would show a much larger discrepancy.

have not measured the metastable polarization because of therrect for excitation from the S level.
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 C. Comparison to previous experiments
of our results. The 3S level should need no correction at  Taple Il lists our results along with the direct cross sec-
all. tions of the first-generation experiment at 10 eV. Although

As an example, consider the theoretical results of Flanthe latter are substantially larger than the former, the two sets
nery and McCanrj15] for polarization of the fluorescence of cross sections overlap within their margins of uncertainty.
from the 3D level. The theory predicts the polarization |t is interesting to note that the ratios of the cross sections
fraction varies from 0.175 near threshold t®0.072 at 100 (3 3D:335:3°P:43D) at 10 eV for our results
eV with the zero crossing between 20 and 50 eV. Thesg1:0.39:0.26:0.17 show excellent agreement with the first-
results would suggest that we may underestimate the crogfeneration experiment(1:0.41:0.23:0.18 Furthermore,
section at high energy by about 2.5% and overestimate thghile the two experiments disagree in magnitude, we obtain
cross section by 6% near threshold. Both of these correctiongrtually identical excitation function shapes in the energy
seem negligible in light of our statistical uncertainty. Sinceregime where the two experiments overlap.
our absolute calibration experiment is done at 27 eV, near the The authors are aware of only two additional absolute

zero of the polarization fraction calculation, it should be measurements of the integral excitation cross section for he-

completely free of polarization corrections. lium metastable atoms. Both have been limited to energies
less than the ground-state threshold. Values for apparent
2. Contribution from non-2 3S levels cross section at 10 eV for each experiment are also given in

. . Table II.
We estimate the fast beam fractions of thé 2 meta- The experiment of Mityureva and Penkiti7] uses a low-

stablte_ Ielvell a?r:j_ £ g;pund level tqdbe t(t)].ZO f?ndt Oflf? re- pressuré100 mTor) discharge to produce metastable helium
spectively. In this section, we consider the efiect of TU0reS+w, g Their results are much larger than the values we have
cence from these levels upon our cross-section measureme

. I Measured. Furthermore, they indicate that the cross sections
Cross sections for excitation from the ground state ar

ler than those f itation of th tastable level b%r both the 3P and 43D are larger than the cross section
smafler than those for excitation of the metastable 1eVeIS DY, 3 3 i contradiction to both this experiment and theo-

two to three orders of magnitude over the entire energy .iical predictions.
range. Hence, signal from fast ground-state atoms represents Gostevet al. [18] used a fast metastable beam formed by

a né)?(lzli?:t)ilgncgrrézgt:)encttic())r?su;r(r)nrﬁa;ﬁzgesr?rigtiﬁen 3 Jev resonant neutralization of a helium ion beam with a solid
els have not been measured. For excitation out of the arou converter. Our results would seem to compare favorably with
y 9 eir values at 10 eV. However, their excitation functions are

Igvel the spln-forl;ndden excitation {$—n L.) Cross sec- drastically different from ours. For example, the ratio of the
tions decrease with energy much more rapidly than do th% 3D peak cross section to the value at 10 eV is approxi-

tsrf)in-conkserving excti}ation (1]5_—>n 'L) cross sections, ?;ljt mately 12 in their experiment, while our ratio is about 1.1.
e peak cross sections are in some cases compgréble Hence a comparison at just about any other energy would

LOSCkWOO? etal. [7], _however, show_ed that the peak lead to large discrepancy between our results and theirs.
2 °S—n ~L cross sections are several times smaller than the

peak 21S—n !L cross sections. For excitation into triplet
levels (0 3L), theoretical calculations predict the peak mag-
nitudes of the spin-exchange and spin-conserving cross sec- Calculations of the electron-impact excitation cross sec-
tions may be comparablgl6]. Taking these three sets of tions out of the 2°S level into then 3L levels withn from 2
comparisons together, we estimate that the singlet fraction ito 5 by means of the Born approximation have been reported
the fast beam could lead to as much as a 10% correction ey Ton-That, Manson, and Flannef%9]. Kim and Inokuti

our values near excitation threshold but almost no correctioh20] have also given Born cross sections for the
at higher energies. Because we do not know the magnitudeés®S— 3 3D excitation and their values are in good agree-
of the 21S—n 3L cross section, we have not attempted toment with those of Ton-That, Manson, and Flannery. In Fig.

D. Comparison to theory
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FIG. 11. Bethe plot for excitation into the 3 level compared
to Born theory calculations of Ton-That, Manson, and Flanh&®y

(DMET) [22], two versions of the first-order many-body
theory (FOMBT) [23], and the convergent close-coupling
(CCO method[24]. Selected theoretical cross sections for
the 33S and 3°D levels from the various methods are
shown in Table Ill 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 enerngyrhe 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 Ill. 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 3°D 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

(solid line). The error bars indicate statistical error only, and do notvarious energies directly off of the curves given in the origi-

include the systematic uncertainty of the absolute calibration.

nal papers.

The RMM values show very good agreement with our
11 we compare the measured®@— 3 3D excitation cross results in both shape and magnitude. The DWA cross section
sections with Born values in a Bethe plot of energy times thdor 3 3S in the energy range of 13—23 eiviot included in
cross section versus l&g For an excitation corresponding to Table 1ll) also agrees well with our measurement. Although
an optical quadrupole transition the Born cross sections besoth MET and DMET give cross sections smaller than ours,
haves likeE ~* at the high-energy limitevident in Fig. 11 as the general energy dependence of théD3 cross section
a flat ling. The experimental values &Q, however, in- from these two methods is consistent with our data. The
crease until about 200 eV, and then show a slight declindFOMBT cross sections are larger than ours at 6 eV and
Clearly the cross sections have not yet reached the higtsmaller than ours at 16 eV. The CCC method, which has
energy Born regime at 500 eV. To examine the Born-Bethgorovided differential cross sections for excitation out of the
behavior it is necessary to measure the cross sections at eground levelof He into various excited level25] in beau-
ergies much higher than 500 eV. This poses an experimentéiful agreement with experiments, gives cross sections about
problem since cross sections decrease with energy and tleme-half of our experimental values for excitation out of the
signal becomes very weak. For the’8—3 3S excitation 23S metastable levels into the 35 and 3D levels. In this
we have measured the cross section up 300 eV. At this enmegard it is interesting to note that the CCC values of the
ergy the Bethe plotnot shown is still rising and the mea- ionization cross sections of the metastable He atom are also

sured cross section is much larger than the Born value.
At lower energies cross sections for thé@—n 3L ex-

smaller than the experimental values of R&6] by approxi-
mately a factor of 2 and that the differential cross sections

citations have been calculated using a variety of differenfor excitation out of the 3S level calculated by the CCC

methods: the multichannel eikonal thediMET) [15], the

method are likewise significantly below the experimental

R-matrix method(RMM) [16], the distorted-wave approxi- values of Ref[27]. In contrast the DWA and FOMBT show
mation(DWA) [21], the updated multichannel eikonal theory reasonable agreement with the experimental differential

TABLE lIl. Comparison of the experimental cross sections for excitation out of tA8 Rvel into the
3 3Sand 33D levels with theoretical values. See Sec. V for details concerning the calculations and sources
of the numbers quoted.

Theory
This

E (eV) expt. RMM MET DMET DWA FOMBT(1) FOMBT(2) CcCcC
2 353 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
2 353 3D excitation

6 6.7 6.7 51 18.76 24.20

10 6.3 6.0 5.56 5.6 5.48 6.40

16 54 4.2 351 3.73 2.85

31 41 2.7 2.04
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~ FIG. 12. Comparison of three sets of experimental cross sec- g, 13, Comparison of two sets of experimental cross sections
tions (represented by individual data poinfer excitation out of the (represented by individual data pointior excitation out of the

2 33 Jevel into the 3%D level with seven sets of theoretical values 2 35 level into the 33S level with eight sets of theoretical values

(represented by curvesThe total experimental uncertainty for the epresented by curvesThe total experimental uncertainty for each
present work and for Ref9] is indicated by an error bar on 0ne gt of experimental data is indicated by an error bar on one data
data point. The error bar associated with the data point of[R8f.  int Most of the theoretical curves are obtained by joining the
is ta_lk_er_l from that paper. qut of the theo_retlca_l curves are Ol_)t"?"”egalues at different energies given in the original papers.

by joining the values at different energies given in the original

papers.

Because of this very low concentration of metastables from
cross sections out of the3S level of Ref.[27], and corre- the hollow cathode discharge, the earlier measurements of
spondingly, the integral cross sections for excitation out offXcitation cross sections out of the metastable levels were
the 23S level calculated by the DWA, and, to a lesser extent/limited to electron energies below the threshold of ground-
the FOMBT (except the low-energy partcome closer to our  level excitation. Using the new metastable atom target we
experimenta| cross sections than do the CCC values for theg@ve measured excitation cross sections out of the metastable

integral cross sections. levels up to 500 eV. An additional benefit of a fast beam
Our 2 35— 3 3P excitation data cover only two energies. target is the reduced effect of cascades from higher levels.
At 10 eV our cross section, in units of 18 cm?2, is 1.6, To obtain absolute cross sections from the intensity of the

which is again quite close to the RMM value of 1.8, largerfadiation emitted by the excited atoms, we have measured
than the MET and DMET value$0.618 and 0.97 and the spatial distribution of the electron and metastable atom
smaller than the two FOMBT valug.30 and 2.9 Of the ~ beams, the optical profile of the detection system, as well as
theoretical calculations cited above, only the CCC includegneasuring the absolute atom beam flux. The motion of the
cross sections for the3® level which are 0.513. 0.497. and €xcited atoms is also taken into account since the target at-
0.429 at 16.2, 21, and 31 eV, respectively, as compared to tH¥MS are moving at velocities in the range of 30" cm/s, the

corresponding values of 0.93, 0.86, and 0.73 from our exdistances the atoms can travel in one lifetime are comparable

periment. to the size of our viewing region. Because of the very low
It should be pointed out that our excitation functitas  target density, extreme care is taken to reduce the noise level.
well as that of the first_generation experimbmr the 338 The absolute cross sections from this eXpenment are

level shows a narrow peak at 4 eV preceding the broad maifimaller than those from the first-generation experiment. On
curve. This feature of a double maximum is also found in th¢he other hand, the relative cross sections determined by the
RMM calculation. two experiments agree very well with each other in the en-
ergy range where the two sets of measurements overlap. Fur-
VI. CONCLUSIONS thsermore, the ratio of cross-section resuli®., 33S .to
3°D) are also in agreement between the two experiments,
We have used a fast metastable He atomic beam target ftie absolute results only differ in magnitude by a constant
studying electron-impact excitation out of metastable leveldactor. The absolute calibration of the first-generation experi-
by using charge exchange between*Hens and Cs atoms. ment was done by an entirely different method, i.e., a laser-
Because of the near-energy resonance the He atoms formédiuced fluorescenc@.IF) measurement to give the ratio of
in this reaction are mostly in the metastable levels with onlythe excitation cross section to the known oscillator strength
a small percentage~{10%) of the atoms in the ground level. of the 22S—3 3P transition. This LIF measurement for ab-
This is a significant improvement over the metastable atonsolute calibration is being reexamined in order to understand
target used in the first-generation experiments in which thehe discrepancy in the absolute cross section, although the
metastable atoms are produced in a hollow cathode discharg@o sets of results overlap within their limits of uncertainty.
with a density ratio of a few parts in $@round-state atoms. Theoretical calculations of the 25—n 3L excitation
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cross section at low energies have been made by means obhove were published only very recently. Continued theoreti-
variety of sophisticated theoretical methods. We compare oural and experimental efforts on excitation out of metastable
low-energy cross sections to theoretical calculations, and findtates should be most fruitful.

good agreement with theéR-matrix calculation. In the Our high-energy data show that the cross sections have
R-matrix calculation, the 11 lowest states of Hel§l not reached the Born regime even at 500 eV. To make con-
23s, 215 23%p, 2P, 33s, 31s, 33, 3°D, 3!D, tact with the Born-Bethe theoretical description, measure-
3 1P) are included. It would be interesting to ascertainments must be made in the keV energy range. Efforts to
whether inclusion of additional states in the close-couplingmprove the sensitivity of the cross-section measurement are
manifold would significantly affect the calculated most important toward extending the experiment to high en-
2 353 3L excitation cross sections. Most of the otherergies as well as obtaining cross sections for excitation into
theoretical calculations are lower than the measured crodfe higher levels.

sections reported here. A similar discrepancy between theory

and experiment_ge.nerglly exists in comparin.g exper?mental ACKNOWLEDGMENTS
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