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Cross sections for electron excitation out of théS2metastable level of He into the®P, 33S, 3°P,
33D, 435S, 43P, 4°D, 53S, and 5°D levels have been obtained for energies up to 18 eV. We have observed
a broad excitation function for the®P level with a peak apparent cross section of<.1®™'* cn?. For the
n=3, 4, and 5 levels, the excitation functions show a pattern of sharp peaks for excitation inté3hevels,
slightly less sharp peaks for excitation into théP levels, and relatively broad peaks for excitation into the
n D levels. Absolute cross sections have been obtained for all the above mentioned levels using a laser-
induced fluorescence technique and the results agree well with experimental values reported bgt bagus
[Phys. Rev. A53, 1505 (1996] The cross sections for the®8—n 2P excitations which correspond to
dipole-allowed optical transitions are smaller than the correspondi®-oh 3S and 2°S—n 3D excitation
cross sections, in contrast to the trends observed for excitations out of the ground level. This reversal behavior
is discussed in terms of the dipole matrix element sum rule. Our cross-section data are compared with those of
the alkali-metal atomd.S1050-294{@7)06204-5

PACS numbe(s): 34.80.Dp

[. INTRODUCTION ference in their absolute cross sections of about 50%. We
feel that it is important to improve the absolute calibration of
Excitation out of the metastable levels of rare gases is athe thermal atomic beam experiment to determine the source
important mechanism in a wide variety of phenomena, suclef this discrepancy. As discussed in Sec. Ill E, with the im-
as high density gas discharges, astrophysical plasmas, aRtoved absolute calibration our absolute cross-section mea-
electron-beam pumped lasers. In the case of tigahd 235~ surements using the thermal metastable beam target show
metastable levels of helium, much theoretical work has bee@00d agreement with the results of Lagetsal, which are
done on Ca|cu|ating both differential and integra| Ccross Secbased on an entirely different method of absolute calibration.
tions for electron excitation out of these excited le\yéls7].
An early measurement by Gosteval.[8] shows results that
are in serious disagreement with the subsequent experiment Il. EXPERIMENTAL APPARATUS
of Mityureva and Penkir9]. Measuring cross sections for
processes out of the metastable levels has proven to be mu
more difficult than measuring cross sections for the corre

sponding processes out of the ground levels of these gas ectron-beam crosses at right angles an atomic beam con-

This is primarily due to the difficulty in producing sufficient taining both ground-state and metastable He atoms produced

densities of metastable atoms to study and separating thg, » qiow cathode discharge. The emission intensity from
associated signal from signals due to ground level atoms. In

our laboratory we have used a hollow cathode discharge to
produce a thermal atomic beam containing metastable he-
lium with a density of &10° cm 3. With this apparatus,
along with the use of special techniques for detecting very
low photon emission signals, we have measured excitation
functions and cross sections for electron excitation out of
both the singlet and triplet metastable levels for electron €N - cer Beam (LIF)
ergies up to the onset of ground level excitatid®—12.
Our current work represents a refinement and extension into LLLL) =
then=2 andn=5 triplet levels of the previous results of Rall
et al. [10]. We have found distinct patterns in the shapes of
the excitation functions for th&, P, andD levels.

Part of the motivation for our effort is that the experiment
of Rall et al, which used the aforementioned thermal atomic
beam as a target, and the experiment of Lagual. [13],
which used a fasf{l keV) beam of metastable atoms pro-
duced by charge exchange collisions as a target, had a dif- FIG. 1. Schematic diagram of the experimental apparatus used.

A schematic diagram of our experimental apparatus is
gHown in Fig. 1, which is quite similar to the apparatus de-
scribed by Lockwoockt al. [11,12. In this experiment, an
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greatly reduces the background light seen by the PMT and

Electron e -
Gun . significantly improves the statistics of the experiment.
Atomic Beam 1 The light from the excitations is collected by a quartz
UHHL : — (f/1.3) lens located 1 focal length from the collision region.
The viewing direction is on a plane perpendicular to the
T””HF | — atomic beam and makes a 60° angle with the electron beam
| . AN I e I as illustrated in Fig. 1. The collimated light is then sent
Baré%—o%zlde Segmented Faraday Cup through a narrow bandpass filtet0 A full width at half

maximum(FWHM)] selected for the transition of interest. A

FIG. 2. Schematic diagram of electron gun and segmented Fag€cond identical quartz lens focuses the filtered light onto the

aday cup used in the experiment. photocathode of a photomultiplier tubeither anS-20 orS-1
photocathode The amplified pulses from the photomulti-

the Hef 3L) atoms produced by electron-impact excitation plier tube are fed into two counters: @icounter operating
is measured to determine the cross sections. The electrovhen the electron beam is on, andBacounter operating
beam is kept below 19 eV so that only the metastables arethen the electron beam is modulated off. This modulation of
excited, and the resulting fluorescence is detected by a phthe electron beam enables us to subtract off the large amount
tomultiplier tube(PMT). Ultrahigh purity He(99.9999% is  of background light emitted by the discharge and electron
used in the hollow cathode discharge. A high voltagegun cathode. The difference of the two countefsg) is
constant-current power supply is used to operate the dighen divided by the electron current collected by the Faraday
charge and is typically run at 100 mA and 600 V. The heliumcup to obtain a relative signal at a given beam energy. A
pressure inside the discharge is roughly 7 torr. When théypical backgroundB) count rate is 7000 counts/sec, with a
discharge is first started after cleaning the apparatus, it typisignal (A-B) count rate of 300 counts/sec. With this experi-
cally takes a day or two for the discharge to “settle” to thesement excitation functions out of the metastable levels can
voltage and current levels, after which it generally runs staonly be obtained for electron energies less than the onset for
bly for a period of many weeks. The atoms from the dis-excitation out of the ground state. Above ground-state onset,
charge effuse into the collision region thrdug 1 mmdiam-  signal from excitations out of the ground state dominates due
eter hole at the bottom of the discharge. The emergingo the preponderance of ground-state atoms in the atomic
atomic beam consists of both'8 and 23S metastable He beam(~10" ground-state atoms per metastable
atoms, and ground staté 'S) He atoms. Laser-induced fluo- Since the experiment is performed at low electron ener-
rescenceLIF) of the atomic beam, as described in Sec. lll, gies, and since the voltages on the electron gun must be kept
has shown that it consists of approximately 3’ meta- low in order to prevent ground-state excitation within the
stables per ground-state He atom, of which about 17% of thgun itself, it is difficult to ensure that the electron beam is
metastable atoms are in the'® level and 83% are in the well collimated at all energies of interest. We have also
23S level. This gives a metastable number density &fl6’  noted that the atomic beam can significantly scatter our elec-
cm 2 in the collision region. The metastable number densitytron beam. Thus a careful check must be made to ensure that
as well as the singlet to triplet ratio, depends on the disho artifacts are introduced into the shapes of the excitation
charge conditions. functions due to spreading of the electron beam. This is done

Electron excitation into then 3L levels will be due to by introducing a small amount of solid Na into the hollow
excitation out of both metastable levels, but since we haveathode discharge, which gets sputtered into the atomic beam
predominantly 2S metastables, and since spin conservingby the energetic helium atoms. We monitor the excitation
23S—n 3L excitation is much more favorable than spin function of the Na 589 nm (3P— 3 2S) emission, and com-
changing 2S—n 3L excitation, we can attribute our ob- pare the shape of our observed excitation function to that of
served fluorescence signals almost entirely to excitation ouhe known 589 nm optical emission excitation funct{dd].
of the 23S level. However, in Sec. IV A we do describe our When this experiment is performed, our excitation function
observation of a small amount of '8—n 3L excitation  closely matches the known Na curve as long as we have a
which manifests itself as small shoulders in our excitationcollimating magnetic field of 10 Gauss.
functions. We have made a number of modifications to the experi-

A modulated electron beam is produced by an indirectlyment since the publication of Refl10]. We now run the
heated barium-oxide cathode mounted in a triode configuraiollow cathode discharge at twice the He pressure of Rall
tion electron gun. All voltages in the electron gun are keptet al. This increases the number of metastables in the atomic
below 19 V. Since the energy of the lowest excited ldtfeé ~ beam, and thus gives greater signal. Special attention has
239) in He is 19.8 eV, this ensures that no excitation ofbeen given to making sure that the parts near the collision
ground-state atoms occurs within the gun. Helmholtz coilsregion are completely covered by goldblacking. The integrity
produce a magnetic fiel(coaxial to the electron begnof  of the goldblacking is checked periodically to make sure that
approximately 10 Gauss in order to collimate the electrorit has not been damaged. This greatly reduces scattered light.
beam. A typical electron current produced by this gun is 10These improvements help us to enhance the signal to noise
uA at 10 eV. The electron-beam current is measured by aatio of our excitation functions out of the33 level by a
segmented Faraday c{ip2] shown in Fig. 2. All parts of the factor of 10 or more over the results of Rall al. We have
Faraday cup and the electron gun are thoroughly blackenezlso made use of aB-1 photocathode in order to obtain the
using goldblack, in order to minimize scattered light from 2 3P excitation function by observing the infraréd.0829
both the electron gun cathode and from the discharge. Thigm) 2 3p— 23S transition.
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ll. ABSOLUTE CALIBRATION where we have split the detection efficiency into two pafts,
for the electronic detection efficiency, at{r), represent-

density by passing a laser beam tuned to (RS2 3 P ing the probability of collecting a photon as a function of the

. . . osition of the emitting atom. For our experiment we can
absorption frequency and measuring the laser-induced flu hus write two equations, one describing theB) photon
rescenceLIF) of the 3°P— 23S emission. The LIF inten- q : 9 P

sity emitted, along with the known %5—33P oscillator counts obtained when we perform electron excitation out of

3 .
strength, gives the %5 metastable density, enabling absolutethe 2°S metastgble level into the % level (at 10 eV}, and
: r another equation for theA¢B) photon counts observed
measurement of cross sections for excitation out of tA8 2

D - < when we perform excitation out of the'$ ground level into
metastable level. The same principle for absolute callbranonh 3 X
: - ; the 3°P level (at the energy corresponding to the peak of the
was previously utilized by Rakt al.[10]. In an independent o .
: ground-state excitation functipn
experiment Lagust al. have used a fast~1 keV) meta-
stable atomic beam to measure electron excitation cross sec- , 3% _ 3%
tion out of the 2°S level into the S, 33P, 3°D, and 4°D (A-B)meid 10 €V)=£33p—235Qmerd 10 €V)Basp—23s
levels. They absolutely calibrate their experiment in a man- ) 0 eV .
ner entirely different from the LIF method. The results of XJ’ Q(Mngag(M[I™ *(M)/e]dr,
Rall et al. are about 50% higher than the results obtained by
Laguset al.in the fast beam metastable experiment. In order )
to resolve this discrepancy, we have performed a new abso- 3% 3%
lute calibration of this experiment, which differs from the (A-B)gs (peak=é£33p_.235Qqs (Peak B33p_23s
procedure used in Ref§10-12 in two regards. We have
used a cw laser to perform our LIF measurement, in contrast XJ Q(f)ngs(r)[JpeaL'(r)/e]d3r_ (4)
to the use of a pulsed dye laser by Retlal. We have also
taken advantage of our improved signal to noise ratio to 33p 33p
examine the effects of the nonuniformity of the electron and€"€ Qmeta (10 V) and Qg™ (peak are the apparent cross

atomic beams on the absolute cross-section results, which wictions for excitation into the % level out of the meta-
peak of the ground-state excitation functipmespectively.

J10 V() and JP¥(F) are the electron current densities at
those two energies),3g() andng{r) are the number den-

In general, one can express the number of excitations olsities of the metastable and ground level atoms in the colli-
served per volume per second that occur when an electragion region,é;3p 535 is the electronic detection efficiency
beam is sent through a target gas as the product of the déor the 3°P— 2 3S transition, ang833p_. 35 is the branching
tection efficiency () times the electron-beam fluxJfe)  ratio. The photon counting signals for both excitation pro-
times the cross sectiorQ)) times the target densitynj cesses are obtained using exactly the same optics and data

collection system, so that the electronic efficiency
)Qn. (1) &33p_,035iS the same as in_ Eq&3) _a_nd(4), agd the same is
true for the optical collection efficiency)(r). The meta-
stable excitation functions are calibrated at 10 eV since this
Thus in order to extract cross sections from a “signal” mea-energy is typically past any rapidly changing portion of the
sured in an electron excitation experiment such as this, onexcitation function and any contribution from spin-changing
needs to know, in absolute terms, three things: the metastabi&citations (2*S—n 3L) should be small at this energy2].
target density, the optical and electronic collection efficiency One can also write a similar equation for taealog sig-
of the apparatus used, and the current density of the electrafals due to ground-state electron excitation and laser-induced
beam. The general technique we use is as follows. Using thguorescence of the 25— 3 3P transition
LIF technique mentioned above, we ratio the metastable
electron excitation signal to the LIF signal, for which the 33p . .
optical absorption cross section is known, to determine our SedPeal= x33p-.235Qgs '833%235[ Q(M)ngdr)
metastable density. We also ratio the metastable electron ex- pealy » s
citation signal to the signal for electron excitation out of the X[JPe(r)/e]d®r, )
ground level(for which the electron excitation cross section
is knc_:wr) to. gllml_nate the need to know th_e optical and J Sup(VL)dVL=X33pﬂ23sﬂ33pH23sJ Q(7)N,ag(F)
electrical efficiencies of our apparatus. We directly measure
the electron-beam current using a Faraday cup.

If the number density and the electron beam are not spa- X

tially uniform, then Eq.(1) must be written in integral form.
In addition, the detection efficiency of the optics may be
spatially nonuniform. We can then write XD(v— VL)dVdVL]dsr- (6)

In our experiment we determine thé@ metastable target

A. Method

(excitations observe)(i J
(volumexseg e

f f o(v=vo)[w(v,;F)/hy ]

(excitations observed

o NPy o 43s Here [ S, r(v)dv, is theintegratedLIF signal obtained as
—ng Q(N[I(F)/eIn(F)d¥F,
(volumexseq

the laser frequencyy, is scanned across the transition.
(2)  x33p_.23g is the electronic efficiency using the analog sys-
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tem, o(v—1p) is the optical absorption cross section at the

frequencyv for the 2°S—3 3P transition (resonant at fre-
quencyyp), D(v—wv,) is the normalized frequency distribu-
tion of the laser power, and(v, ;r) is the laser power at the
set frequency. Sinc& (1) is a sharply peaked function
centered av, =v,, the major contribution to the integrals in
Eq. (6) comes from a small range @f neary,. Within this
range we can separate( v ;f) into spatial and frequency
components

(@)

W(v ;F)=wW(v )We(F),

f wo(F)d3F=1, (8)

where we have definedy(r) as the normalized laser power

spatial distribution. Furthermore, we can puli(v, )/hv,]
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(A-B)2P(10 ev)/I10 &V
(A-B)3.P(peak/IPeak

r -1

j Sur(v)dy

w(vp)

Sydpeak
|peak

3
Querf 10 eV)=

’7Trecf235*>33pe

hVO
J Q(F)n23s(|?)W0(r?)d3F

X , (13

JQ(F)nzss(F)J(l)o V(r)d3F

| Peak= f Jrea(r)ddr, (14)

IlO eV:J' JlO eV('?)d?»r":IlO er Jéo eV(F)d3I?. (15)

out of the integral and assign it the constant value

[w(vp)/hvg] so that

J Sur(vL)dvL= x33p_.235833p_23d W(¥g)/hvg]
% [ 0 nerw(n

X

J'J’U(V_vo)D(v—vL)dvde dsr.
€)

We note thatw,(F) andJ3® ®¥(F) are normalized functions
for the laser and electron-beam spatial distributions, so we
can take the absolute magnitudes of the laser power and elec-
tron current out of the integrands for convenience. We note
that Eq.(13) is independent of the ground-state cross section
used in Egqs(4) and(5). The terms in the first bracket of Eq.
(13) are experimentally measurable quantities obtained when
we measure our photon counting signals for excitation into
the 3°P out of the metastable level and out of the ground
level. The terms in the second and third brackets are mea-
sured during the LIF calibration procedure as described in
Sec. IV. The terms in the fourth bracket are all known con-
stants. The terms in the final bracket are the beam overlap

Using the fact that the laser line shape is normalized, and thi@tegrals, and they are described in more detail in the Sec.

definition of oscillator strength for this transition,

J’ D(v—w,)dy =1, (10

f33p_,23S:(1/7Tr0C)f o(v—wvg)dv, (11

and integrating over the frequencieandy,_, Eq.(9) can be
rewritten as

f Sur(v)dvL = x33p_.235833p_235( 7T oCf33p_235)

X[W( Vo)/h Vo] J Q(F)nz?)s( F)Wo( F)dsr

12

Herer is the classical radius of the electranis the speed

Il C of this paper.

B. The LIF apparatus

To generate the necessary light for the LIF calibration, we
used a Ti:Sapphire laser pumpegld9 W Ar* laser to pro-
duce a bright beam at 7778 A, and then used an angle-tuned
LilO 5 crystal to double the beam frequency, producing light
at 3889 A. A schematic of the entire apparatus is shown in
Fig. 3. A lens focuses the approximately 800 mw
Ti:Sapphire beam onto the LilCcrystal, and the emerging
beam, containing both the fundament&l778 A and
doubled(3889 A) light, strikes a mirror and is sent towards
the vacuum chamber. The intense fundamental light, and any
other stray light collinear to the laser beam, is filtered out
using the two interference filters shown, the first filter being
a Corning colored glass filter, and the second filter is a 100 A
FWHM filter centered at 3900 A. Two lenses collimate the
laser beam and create an adjustable spot size at the main
chamber. A chopper wheel operating at 170 Hz chops the
beam on and off before it enters the main chamber. A typical
cw (3889 A) beam power achieved in the experiment, at the
main chamber, is 1.5—-2W. The same photomultiplier tube,

of light, andf3sp_, 535 is the oscillator strength as defined in interference filter, and optics that are used in recording the

Eqg. (11). Using Eqgs(3), (4), (5), and(12), we can obtain an

photon counting excitation functions are used to observe the

expression for the electron excitation cross section out of thluorescence signal caused by the laser beam exciting the

23S metastable level into the 3P level in terms of known
and directly measurable quantities

metastable beam. The reference signal from the chopper
wheel and the output voltage from an electrometer, which
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o diameter hole drilled in its side. An optical fiber inserted into
L[gg;‘t‘;“’_ Wavemeter the tube provided the light source. The aluminum tube was
Ar+laser  Ti:Sapphire Crystal 4 mounted on a translation stage and the PMT signal was re-
[ o corded as the tube was translated through the collision region
ow 7778A of the experiment. The result was a nearly Gaussian optical
800mW profile with a FWHM of 4.0 mm.
In order to obtain the metastable number density
. n,3g(F) as a function of position, we used a small diameter
~+1 3889A (~0.5 mm laser beam to measure the LIF signal as we var-
ied the location of the beam. The resulting LIF signals gave
Faraday us a rough measure of the metastable density at different
locations. We varied the location of the laser beam both hori-
ly zontally and vertically. We have determined that the meta-
% stable density decreases by less than 5% for measurements
T made up to a position o2 mm from the beam axis at a
Photodiode distance below the aperture @f=13 mm. The metastable
density falls off as & in the vertical direction. These mea-
FIG. 3. Experimental setup for laser-induced fluorescéhtie) surements are consistent with the metastable atoms emerging
calibration of the experiment. from a nearly point sourcé&he small aperture in the hollow
cathode with a cog distribution, whered is the angle made
reads the photomultiplier tube current, are fed into a lock-inwith respect to the beam axis.
amplifier. The output signal of the lock-in amplifier is re-  In the previous calibration of Ref$10-13, it was as-
corded by a computer. The laser entrance and exit ports osumed that the laser and electron beams had nearly the same
the chamber are both Brewster windows oriented to givedistributions (Gaussian, FWHM:-3 mm), so that the final
minimum reflection for the vertically polarized 3889 A bracketed term in Eq13) would reduce to a value of 1. This
beam. On the far side of the chamber the laser-beam power &ssumption seemed reasonable based on our laboratory’s ex-
continuously monitored using a photodiode. perience with electron beams, and the final bracketed term
In order to obtain the integrated LIF signal should be relatively insensitive to small mismatches in the
[fSLe(v)dv, ], we scan the Ti:Sapphire laser by tilting its sizes of the two beams. Due to the design of the apparatus, it
birefringent filter stack with a stepping motor. This scans thes very difficult to measure the electron-beam profile, and no
fundamental beam frequency at a known r@pproximate definitive measurement of it was ever made. Since we ac-
0.30 GHz/sel and thus also scans the doubled-beam frequire data at low electron energies, and we must keep our
guency at twice that rate. The laser frequency, and thus thelectron gun grids below 19 V to prevent ground-state exci-
scan rate, is recorded using a model WA-1500 wave metertion, the electron beam is not well collimated. There is also
from Burleigh Instruments. Once a scan is performed, wesignificant scattering of the electron beam by the atomic
numerically integrate the resulting fluorescence curve wittbeam itself. This is why we have a segmented Faraday cup
the computer. We determined the scattered light contributiof12], with the first segment surrounding most of the collision
to the observed signal by tuning the laser slightly off resoregion. Approximately 15—25% of the electron current was
nance, so that no LIF signal was present. When the lasasollected on the first segment of the Faraday cup at energies
beam was properly aligned, the contribution of the scatteretdelow 20 eV.
light signal was smal<5%) when compared to the LIF Due to the experimental design, it is physically impos-
signal, and this small constant background was subtractesible to translate a thin wire across the collision region in
from our integrated fluorescence signal. As was previouslorder to obtain an electron beam profile, as in the fast beam
mentioned, we also record a ground-state excitation signal bgxperiment described by Lages al. Instead, we assume a
chopping the electron beam at 170 Hz, and recording th&aussian distribution for our beam profile and use the elec-
ground-state excitation signal at its peak with the detectionron current information provided by our segmented Faraday
system unchanged. This ensures that all optical or electronicup to determine the width of the beam at different positions
collection efficiencies of the ground-state excitation and lasealong the Faraday cup. We obtain an estimate of the beam
excitation are identical, and thus that the efficiency factorsvidth at the end of each segment shown in Fig. 2 by calcu-
cancel. lating the FWHM of the Gaussian that would allow the mea-
sured percentage of the total current to pass through that
C. The beam profiles segment. We then use a computer to fit a function for the
beam width versus position in the Faraday cup to our mea-
sured data, and from this function obtain the beam width at
the collision region. Using this technique, we calculate that
e electron beam in the collision region has a FWHM of 5.5
m.

Mechanical
Chopper

In order to calculate the last bracketed term in E),
we have to obtain information on the optical profile of our
apparatus, and on the three beams involved in th
experiment—the laser, electron, and metastable beams.
measure the optical profil€)(F) (optical collection effi-
ciency as a function of the position from which a photon is
emitted of our apparatus, we translated a point source of
light across the collision region. The point source consisted Once the 2S—33P cross section is known, the cross
of a hollow 3/16 diameter aluminum tube with a 0.33 mm sections for other triplet levels excited out of thémeta-

D. Absolute calibration of the other n 3L cross sections
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stable level can be obtained using a ratio technique. For a TABLE I. Sources of error for absolute calibration of
given upper level i 3L), we obtain both an excitation func- 2°3S—33P cross section. Symbols shown are those used in Eq.
tion out of the metastable level for energies up to about 1813) of the text.

eV, and an excitation function out of the ground state for

energies up to 100 eV. For a given upper lewef(), let us Sescrint tczn“ibli“?”:
. . . 3
express the electron excitation signals Asg)". 5 (10 eV) escription o Lneertainty
3
and (A-B)"." (peaK, which are the observed\(B) counts Metastable photon (A-B), (10 €V) 10%
for the n SL—m 3K radiation due to metastable excitation counting signal ,
(at 10 eV and due to excitation from the ground stéaeits ~ Ground-state photon (A-B)5s" (peak 5%
peak, respectively, as follows: counting signal
Ground-state analog signal S peak) 5%
3 3
(A-B)" 510 eV)=£13 . ek QMex(10 €V)Bn 3 m 3k Electron current at 10 eV |10 ev 2%
Electron current at | peak 2%
~ 110 eV # ground-state peak
Xf Q(M)nzas(N)[J (F/eldV, Integrated LIF signal 20%
(16) f Sur(v)dy,
Laser Power w(vp) 15%
3 3
(A-B)gs “(peal= &, 3 _.m 3 Qgs (Peak By s .m 3 Subtotal 28%
. > . Optical profile Q(r) 15%
X | Q(F)nyd1[IP¥)/e]dV. (1
J (Mg M[IPr)/e] (17 Laser-beam profile wo(F) 15%
Electron-beam profile 320 ev(r) 25%
We have already written similar equations for excitation intoMetastable-beam profile N, 3g() 10%
the 3%P level as Eqgs(3) and (4), for which we have ob- Profiles subtotal 34%
tained an absolute apparent cross section out of the meta- Overall Uncertainty 45%

stable levelusing LIF). We can now combine Eq§3), (4),
(16), and(17) to obtain

We also note that our absolute calibration only depends
s upon the ratios of the ground-state apparent cross sections
(A-B)pei(10 eW/110 eV used for the two given levels, not on their absolute magni-
030 peak tudes. The apparent cross sections for excitation out of the
(A-B)gs (peak/l ground level are obtained from the results of St. John, Miller,
and Lin[16], Jobe and St. JoHi7], and Moustafa Moussa,
Vl

3
Qnee(10 €V)=

(A-B)3.P(peak/IPeak
(A-B)35(10 e)/1¥0

DeHeer, and Schuttdri8]. All metastable cross sections ob-
tained through this method are dependent on an accurate
value for the 3P cross section. Any time a revised value for

Qn 3L(pea|§ . the 3%P, cross section is obtained, however, all the cross
X gsap— Qﬁwe?a(lo eV), (189 sections obtained through this ratio technique may be easily
Qgs (peak rescaled.

where thel’s represent the total electron currents for the E.The 2°S—37P excitation cross section

respective signals. We retain ths next to their respective After all the beam profiles were obtained, we were able to
signals in the equation since the 3L—m?3K and calculate the integrals expressed in Etf). In order to de-
33P—23S emissions may be measured under slightly dif-termine the sensitivity of our calculation to our beam profile
ferent experimental conditions. This equation expresses th@easurements, we generously varied the beam parameters
desired cross section in terms of eight experimentally meadsed in our analysigelectron beam FWHM 552 mm, laser
surable quantities, the four signals and their corresponding®am FWHM 0.750.5 mm, optical profile FWHM 4.81
electron currents, and three known quantities, the tw m). By far the largest contribution to the uncertainty of our
ground-state cross sections and the metastable cross sect olute calibration is our lack of information about the size
obtained through LIF. As long as the ground-state and metth the elle_ctron beam. With tﬂe above variations, weofound
stable excitation functions for a given upper level are taker{1€ resulting uncertainty in the cross section to-@4%.
with the same optical and electronic systems, we can obtaiﬁ‘h's uncertainty estlmate., along with the totgl uncertainty in
an absolute cross section for any upper level. We note that aif/€ Other measurements in E3) of £28%, gives an over-

of the cross sections in the above formulas apmarent 2l uncertainty of=45%. A summary of the various uncer-
cross sections, where the apparent cross section is defined Gy contributions to our absolute calibration is given in

the cross section for direct excitation into the specified levell able 1. We found a Tesu't'”9?*3 P,ELEC::]‘;” excitation
plus any cascade contributi¢@s] apparent cross section ¢2.2+1.0xX10 -° cm at 10 eV.

This result represents a significant change from the result of
Rall et al, which was(3.01.0)x10 6 cn?. Since we now
QPP qur+2 Qi ). (19) have a more (_:omplete understanding of the beams in our
J J e,
> experiment, this new result is more accurate. Subtracting
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FIG. 4. Absolute apparent cross sections measured for excitation F|G. 5. Absolute apparent cross sections measured for excitation
out of the 2°S metastable level into the=3 triplet levels. The  out of the 23S metastable level into the=4 triplet levels. The
error bars shown represent statistical error only, not the uncertaint¥rror bars shown represent statistical error only, not the uncertainty
due to the absolute calibration of the experiment. due to the absolute calibration of the experiment.

cascade contributions, we obtain 823 3P direct elec- - . . )

tron excitation cross section 6f.4+0.6)x 106 cn?. Lagus cludeq in Fig. 6 and Table Il because the S|gnal—to—n0|s¢ ratio
et al,, with their completely independent absolute calibrationOf EMmISsIons that_we have measurgd from tIﬁPSeyel IS

of the fast beam experiment, obtained a cross section Otpo low to determine the cross sections with sufficient accu-

1.6+0.6) %107 cn?, | llent t with - .
|(oerimen2 crT, In excellent agreement with our ex Figure 7 shows the onsets of théand 3°P, and 3°D

In comparison to the work of Rat al, our experiment excitation functions in greater detail. We make special note
involves a more detailed examination of the profiles of theOf the shouldgrs that occur in these onse'gs. For tfie 8e
electron beam, atomic beam, and laser beam. The effects Pserve a distinct bump that starts apprommatel_y 0.'5 eV be-
the overlaps of the various beams profiles on the excitatio w t?:e otr;]se%s%f th%'ggger ma|:1 pez?)k of ther:excll(tjanor_] fltjr?c'
signals are analyzed in the present work. Our experimenio!: Forthe 3P an » WE aiSo observe shoulders in the

also was carried out using a very low-power cw laser for thednset of thg excitation functionasé although_ they are less dis-
LIF calibration, whereas the experiment of Refllal. used a tinct than in the case of the "$. We believe that these

high-power pulsed laser, for which checking for saturationburm.’S may be du_e to the_presence dSmetastables in our
effects can be difficult. One final point that should be mad atomic beam, ‘g"h'Ch previous measurements have shown to
is that our experiment has a signal to noise about ten timsge about 6-17% of th.e to_tal nu.mber of metastablg]s—la.
higher than the experiment of Radt al. This is primarily ecause the 25 level is higher in energy than the’s, the

due to a higher metastable atom density in the target. The

high signal to noise ratio in our experiment enables us to . .
carry out diagnostic experiments that Retlal. could not, 2°s—> 5°L Excitation
and also enables us to obtain much improved measurements o.6 * 8
of the cross sections as functions of energy. We believe our$
present analysis to be more complete and accurate, and thi§’;
gives results that are generally lower than those of &adl.

04|
IV. RESULTS

A. The n=3, 4, and 5 levels

Figures 4—6 show excitation functions obtained using the
techniques described in Sec. Ill and Table Il contains all of
our apparent cross-section results. All excitation functions
are absolutely scaled by determining their cross sections at
10 eV. Then=3, 4, and 5 levels all show a pattern of sharply
peaked excitation functions for the 8—n3S and
23S—n 3P excitations, and broad, fairly flat excitation func-
tions for the 22S—n °D. The peaks of the 25—n *S ex- FIG. 6. Absolute apparent cross sections measured for excitation
citation functions occur at lower energies and are distinctlyout of the 2°S metastable level into the=5 triplet levels. The
sharper than the peaks of the®—-n 3P excitation func-  error bars shown represent statistical error only, not the uncertainty
tions. The 2S—5°3P excitation cross sections are not in- due to the absolute calibration of the experiment.

Apparent Cross Section
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TABLE II. Apparent cross sections for excitation of the 150 T T . T
235—n 3L level of He measured by this experiment. All cross 2%s—> 2%p Excitation
sections are in units of T8% cm?. Absolute uncertainty of the cross g~
sections ist45%. 05 IIII
Incident Q%PR235—n 3L) < 100t I I I I I I
Energy — 3 3 3 3 3 3 3 3 s ' I I I -
@ev) 2% 33% 3% 3% 4% 4% 4% 5% 53 g IIIEI
2 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2 ) 1
3 113 1.20 0.65 0.20 0.00 0.00 0.00 0.00 0.00 g 50 | I B
4 117 5.70 456 4.40 0.33 0.15 0.41 0.12 0.07 ¢
5 116 3.88 3.90 6.40 1.42 1.06 0.92 0.62 0.26 g
6 110 3.50 3.20 7.30 0.87 0.86 1.12 0.36 0.39 ;&
7 109 330 281 7.25 0.75 0.77 1.20 0.30 0.42 . e , L
8 108 3.15 245 7.20 0.70 0.63 1.26 0.28 0.42 Y 5 10 15 20
9 107 3.05 2.25 7.10 0.69 0.57 1.27 0.27 041 Energy(eV)
10 106 3.01 2.23 6.79 0.66 0.56 1.26 0.25 0.40
12 95 301 200 635 0.64 047 1.20 027 041 pig g Absolute apparent cross sections measured for excitation
14 84 291 1.90 570 0.64 0.46 1.18 0.27 0.40 gyt of the 2°S metastable level into the 3P level. The error bars
16 80 2.75 1.84 540 0.63 044 114 0.27 0.39 shown represent statistical error only, not the uncertainty due to the
18 78 271 1.75 520 0.62 0.44 1.11 0.27 0.37 absolute calibration of the experiment.

o 3 decrease in cross section with energy for singlet to triplet
onset of excitation into am 3L level out of the 2'S level  gycitation.

should occur 0.8 eV before the onset of excitation out of the
23S level. The energy spread of our electron beam is about
0.5 eV (FWHM). The 2'S—n 3L excitation functions
should drop off rap|d|y with energy, since they are of the The cross section for excitation into thée level from
spin-changing type, in contrast to thé®—n 3L excitation  the 2%S level is of special interest. These two levels are only
functions. The relatively small percentage of® meta- 1.1 eV apart, and the %5—2 °P transition has a large os-
stables, combined with the spin-changing nature of thé&illator — strength, f;(2°5—2°P)=0.5391  versus
21S—n 3L excitation, may account for the small size of the fi(2 °S—3°P)=0.064 46, so one expects an extremely
singlet bump relative to the triplet peak that follows. Theselarge electron excitation cross section. Unfortunately, the
small bumps thus show that we do observe a small amount &fly emission out of the 2P level occurs at 1.08m in
2's—n 3L excitation, but it should provide a negligible Wavelength which is at the far edge of the photomultiplier
contribution to ourn °L excitation functions, especially at Sensitivity spectrum. We use &1 photocathodgHam-
energies significantly greater than onset because of the rapfatsu R176) specially selected for its sensitivity at this
infrared wavelength. The quantum efficiency of the photo-
cathode is generally less than 0.1% at this wavelength,
greatly reducing the signal relative to what we could obtain
for emission from other levels. To compound this problem,
background radiation at this wavelength is large, due to the
blackbody emission of the electron gun cathode, and due to
light from the hollow cathode discharge. However, because
of the extremely large size of the®P cross section, we were
able to observe an excitation function with signal to noise
ratio comparable to that achieved with the-5 levels. The
observed excitation function is shown in Fig. 8.

The 23S— 2 3P excitation function clearly does not show
the sharp peak that we have observed for tAi8-2 3 P and
235-43p excitation functions. This shape difference may
possibly be attributed to the energetic nearness of tffe 2

TS 30 . 85 40 level to the 2°S metastable leve(1.1 e\) and to the ultra-
Energy(eV) ; | (%5 53%0) strong collisional coupling between these two levels. In Na
2% 53%)] (2% >3] we find a similar trend in which the %5—32P excitation
function has a broader peak than the excitation functions for

FIG. 7. Expanded view of the onset of excitation for the3  the higher members of the’S—n 2P family [14].
triplet levels. The error bars shown represent statistical error only. Our measured %P peak apparent cross section is
The threshold energies for excitation into the 3 triplet levels out 117x107*° cn?, from which we obtain a peak direct cross
of the 23S level and out of the 2S levels are marked by the Section of 11X 10 % cn? (see Sec. IV € This is a factor of
vertical lines. 16 greater than the next largest peak direct cross sefttien

B. The 235—2°3P cross section
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33D) that we observed. Theoretical calculations also have TABLE IIl. Direct cross sections for excitation of the
predicted an enormousP direct cross section, as much as 2 85—n 3L level of He estimated from apparent cross-section mea-
a factor of 20 larger than the® [1-7]. surements of this experiment. All cross sections are in units of

Muller-Fiedler et al. [19] have previously measured dif- 10716 cn?. Absolute uncertainty of the cross sectionsti45%.
ferential cross sections for He®3— 2 3P excitation. They : :
used a cold-cathode discharge as the source of their meté{éﬁfrzr)‘/t QU"(23s—n3L)
stable He, and obtained differential cross-section curves tha 3 3 3 3 3 3 3 3 3
matched well with the angular dependence of the differential (ev) 2°P 375 3% 3D 4%S 4°P 4D 5% 5D
cross section as calculated by Flannery and McC@in
However, Muller-Fiedleet al. obtained absolute values that
were consistently a factor of about three larger than the cal-
culations of Flannery and McCann. Due to the lack of small
angle differential cross sections in the results of Muller-
Fiedleret al,, we are unable to integrate their data to obtain a
2 3P integral cross section for comparison with our measure-
ment.

80.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
112.0 1.13 0.65 0.20 0.00 0.00 0.00 0.00 0.00
106.3 5.19 4.29 4.39 0.33 0.12 0.41 0.12 0.07
103.6 3.30 2.68 6.31 1.38 0.79 0.89 0.61 0.25

96.5 3.02 223 7.22 0.84 0.65 1.09 0.35 0.37

95.7 2.88 189 7.18 0.71 0.58 1.17 0.29 0.40

95.0 2.79 154 7.14 0.67 0.44 124 0.27 0.41

942 272 1.36 7.05 0.67 0.39 1.25 0.27 0.40

93.7 268 1.37 6.74 0.64 0.38 1.24 0.25 0.39

12 835 271 1.14 6.31 0.62 0.29 1.18 0.27 0.40
With our more complete data set, we can now determine 14 73.6 2.63 1.05 566 0.62 0.28 1.16 0.27 0.39
the cascade into the levels that we have observed. We do this 16 702 2.48 1.01 536 061 0.26 1.12 0.27 0.38

by subtracting off from the apparent cross section the sum of 1g 67.6 2.45 093 516 060 0.26 1.09 0.27 0.36
all the optical emission cross sections that cascade into it, ig
accordance with Eq(19). For example, the 3S apparent
cross section contains a cascade contribution from the 3S andn 3D levels by the procedure described in the last
33P—33S transition. Although we have not measured theparagraph, and combine them with the appropriate branching
33pP—33s emission cross section, we can obtain its valueratios to obtain then 3S—23P and n 3D—23P cascade
from our measured 3P — 23S emission cross section, along cross sections fon>5. We find that 9% of the apparent
with the EinsteinA coefficients for the two transitions in- cross section comes from cascade fromnke3 levels, 1%
volved through the relation from cascade the@=4 levels, 0.4% from cascade from the

3 3 n=>5 levels, and 0.2% from cascade from the levels &6

Q%{(33P—335)=Q%P(33P—2 3S)><A(3 P—3°9) through 10. This yields a cascade of about 11% of the ap-

A(33pP—23g)" parent cross section. Using the same techniques, we find that
(200 for the 3°P level 24% of the apparent cross section comes
from cascade from the=4 levels, 7% from cascade from
We find that the 3P— 3 °S cascade amounts to only 8.1% then=5 levels, and 7% from cascade from the levels of6
of the apparent cross section of the3level at 10 eV. through 10. We have performed a similar analysis for the
Similarly, one finds that the #— 3 3S cascade amounts to 43p |evel.

As mentioned earlier, we measured’®—2°S emission correction(about 1% to the 3°D cross section because these
signal, but the signal-to-noise ratio in our experiment is t00amissions are relatively weak and because ti® Zross
small to give reliable emission cross sections for this transisection is large. We have, however, no knowledge of the
tion. Nevertheless, we used it to estimate the cascade froR 3g_. 33D cascade because excitation cross sections out of
the 5°P into the 3°S {the 5°P—3°S emission cross sec- the 23S into the F states have not been measured. In the
tion), and the 5P—3°S cascade amounted t01% of the  apsence of experimental data we neglect the cascade from
37S cross section. We have not measured excitation CrosgeF levels. In view of the very large 3D cross section, this
sections for levels witm>5, and therefore cannot experi- approximation is likely to be valid, but experimental mea-
mentally determine their cascade from these levels. Howgrements are needed for a definitive answer. For 2 4
ever, we can estimate their cross-section values by multiplyang 5 level similar analyses show the cascade corrections
ing our measured %P cross section by the ratio of thie®P  qye to emission from the °P levels are much less than the
to the 4°P cross sections as calculated by the Born approxizxperimental uncertainty of the apparent cross sections. The
mation (see explanation in Sec. V)AThe cascade into the cascade from tha 3F levels are again neglected. The direct

3°s from then °P is then calculated using the this approxi- excitation cross sections from 2 to 18 eV for the various
matedn °P cross section and the appropriate branching ratiqeye|s studied are shown in Table IlI.

obtained from the transition probabiliti¢20,21. We find

the cascade into the®$ level from levels withn>5 to be
<1% of the apparent cross section. We have performed a
similar cascade analysis for the’d level and 5°S level. Laguset al.[13] recently reported measurements of exci-

The 23P level is most favorable for cascade analysistation cross sections out of the (2€'S) metastable level into

since we have directly measured the optical emission croshe 3%S, 3°D, and 43D levels up to 600 eV. They produced
sections for then 35—23P and n >D—23%P cascades their metastable target by charge exchange of Cs atoms with
throughn=5. We estimate the cross sections for the highema He" beam at 1.6 keV. The resulting fast metastable beam

=
O ©W o0 ~NOUhwWNN

C. Cascade contributions and direct excitation cross sections

D. Comparison with previous experiments
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FIG. 9. Comparison of direct excitation cross sections of this G- 11. Comparison of direct excitation cross sections of this
experiment and those of Lages al. [13] with various theoretical ~€XPeriment and those c3>f Lages al. [13] with various theoretical
calculations for 2S— 3 3S excitation. The error bars shown repre- calculations for 25—3°D excitation. The error bars shown rep-
sent statistical error only. resent statistical error only.

The cross sections of Lages al. differ drastically from
has only a small fraction of ground-state He atoms, so thahose reported by Gostet al. and by Mityureva and Penkin

they were able to study excitation out of the metastable level8.9]. In Ref. [13] Lagus et al. compared their data with

at energies above the onset for ground-state excitation. Théfose of Refs[8] and[9]. Since our results are very close to
obtained absolute cross sections by measuring the metastaftose of Lagust al, we have no further comments to add.
beam density, electron-beam density, and the fluorescence

resulting from the electron-impact excitation out of thés2 E. Comparison with theoretical calculations

metastable level and out of the ground level. Thus their | aguset al. have presented a detailed comparison of their
method of absolute calibration is entirely different from the 235,335 and 23S—33D excitation cross sections with

LIF technique described in Sec. Ill. At 10 eV their crosstheoretical calculations based on numerous different meth-
sections, in units of 10° cn?, for the 33S, 3°D, and 4D ods: the multichannel eikonal theoryMET) [2], the
levels are 2.5, 1.6, 6.3, and 1.1, respectively, in good agreeR-matrix method RMM) [6], the distorted-wave approxima-
ment with the corresponding results of 2.7, 1.4, 6.7, and 1.2ion (DWA) [5], the updated multichannel eikonal theory
from the present work. We also compare the cross section®MET) [3], two versions of the first-order many-body
from the two experiments at other energies in Figs. 9—11 antheory (FOMBT) [7], and the convergent close-coupling
the agreement is very good. method(CCC) [4]. In Figs. 9—12 we display the theoretical
values calculated by the various methods, along with our
own experimental result@nd also of Ref[13] where avail-

s T " oot o able, in the 0-30 eV energy range for the33-33S,
i 28—38P = Expt. Ref.[13] 235-3°%P, 235-3°D, and 2°S—2°%P excitation func-
ol * j Exctation  —e—soew 1 tions. Also included for comparison are the Born-
— s e RMM 1 approximation cross sectiof]. The curves for the theoret-
E T gmam) ] ical values in those figures are obtained by joining the cross-
~‘?° 3] ’ - &~ FOMBT(2) ] section values given in the original papers. A critical analysis
< = e ] of the results of the different sets of calculation is beyond the
s N, scope of this paper. On the whole, the RMM exhibits the
B 2- most consistent agreement with our experimental data. The
@ large spread of the theoretical cross sections based on differ-
§ ent methods is a reflection of the difficulty of an accurate
S 1] theoretical treatment of electron-impact excitation out of ex-
= cited states. It is gratifying to see the increased level of the-
ol oretical efforts in this subject in recent years.
0 5 10 15 20 2 30
Energy (eV) V. DISCUSSION
FIG. 10. Comparison of direct excitation cross sections of this A. Magnitude of the excitation cross sections

experiment and the measurements of Lagual. [13] with various The He 2°S—2 3P excitation cross section that we ob-
theoretical calculations for 35— 3 3P excitation. The experimen- tain (11.2<10° cn? at the peak of the excitation functipn
tal results are shown with statistical error bars only. is an exceptionally large cross section. A similar excitation
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duced because of the unusually largés2-2 3P cross sec-
tion. For the 2S—n 3D excitation one has the quadrupole
sum rule,

...... RMM
X DWA

- - FOMBT(1)
-- & FOMBT(2)

> (239222~ x2—y?|n 3D,m=0)|?
n

=Y

=3

o
!

=(239|(222—-x?—y?)?|23S), (22
but there are no corresponding extraordinary large cross sec-
tions analogous to the 35— 2 °P excitation to reduce the
235-33D cross section.

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

50

Cross Section (107%cm?)

0 5 10 15 20 25 30 2 [(1'S|zln P, m=0)[?=(1'5]Z%[1'S). (23
Energy (eV) "
However, the(11S|z|2 'P) matrix element is not exception-
FIG. 12. Comparison of the direct excitation cross sections ofally large, and it does not cause a severe reduction of the
this experiment with various theoretical calculations fds2.23p matrix elements of the higher members the way the
excitation. The experimental results are shown with statistical erro{2 3g/z|2 3p> element does. This is reflected by the relative
bars only. cross sections. The ratio of thé$—2 P to the 1'S—3'P
excitation cross sectiofpeak valuesis about 3:1, whereas
process is the excitation of the first resonant level in then the case of electron-impact excitation out of thiS2evel,
alkali-metal atoms for which the peak cross sections arehe ratio of the £2S— 2 3P cross section to the 35— 3 3P
4.1x107*° cn? for Li(2°S—2°P), 3.6<10°*° cn? for  cross section at 10 eV is 69:1. An explanation of a similar
Na(3°s—3°%P), and 4.%10 *° cn? for K(4°S—4%P)  nature offered by Flannery and McCaf#] is that the reduc-
[23,14,22. While these three alkali-metal cross sections argjon of the 22°S— 3 3P excitation cross section results from
rather close, they are about three times smaller then the H@ie overlap between theszand 2p radial wave functions and
cross section. In fact, the case of H&@-2 3P) represents  the orthogonality between thep2and 3 orbitals.
the largest electron-atom excitation cross section that we are |t js also possible to apply the same considerations to Na
aware of. atoms. The(3s|z|3p) matrix element is known to be enor-
For excitation out of the 2S level into the highen levels  mous. The cross sections for excitation from tHSanto the
an obvious feature is that the °P level has the smallest highern 2P levels are small compared to the cross section

cross section among the triplet levels of the sam&his is  for excitation into the 3P level. For instance, at 10 eV the
in contrast with the trend observed for excitation out of thecross sections for excitation from thezs level of Na into

ground level of He, for which electron excitation into levels the 32p, 42p, 52P, and 6°P are 35.6<10 % cn?,
corresponding to dipole-allowed optical transitions haveg 585<1071¢ cn?, 0.143<10 % cn?, and 0.041k10° 16
much larger cross sections than excitations into dipolecn?, respectively{14]. Here we see a drastic drop from the
forbidden levels of the sanre While theoretical calculations |owest member to the next higher ofefactor of 60, but a
based on several different methods predict a smaller crosguch more gentle variation above théRL For the diffuse
section for the 2S—3°P than the 2S—33S and series in Na, the excitation cross sections for t®34 2D,
2°%S—-3°D excitations, such a reversal in the relative mag-52p, and 6°D levels at 10 eV are 3.6710 % cn?,
nitudes appears surprising at first sight. To better understanglg42x 10716 cn?, 0.346<10 % cn?, and 0.16& 1016 cn?,

it, let us draw an analogy between electron excitation angespectively{14]. The reduction factor is 4.4 from the’®
optical excitation and associate the®®-n°P and tg the 42D and 2.4 from the 4D to 52D, in contrast to the
2°5—n D electron excitations with the optical dipole and mych more drastic reduction in the2P series. Here the
quadrupole absorptions, respectively. This analogy is quam 2p cross sections are seen to be smaller than the corre-
titative only for forward scattering, but we apply it here to spondingn 2D for n=4, 5, and 6, similar to excitation out of
the integrated cross sections for the purpose of illustrationthe Heg2 3S) level.

The dipole matrix elements for the’8—n *P, m=0 series Table 11l also shows that the 35— 4 2P excitation cross
satisfy the sum rule sections of He are also smaller than the corresponding
235-n°3s and 23S—n 3D cross sections. Preliminary
measurement@ot shown in Tables Il or I)lsuggest that the
53%P cross section is also smaller than théSsand 5°D
cross section. It is also interesting to note the same trend in
The 23S and 2°P levels are close together and their radial Na, i.e., both the 3S—n 2S and 3°S—n 2D cross sections

wave functions overlap strongly, so that the matrix elementre larger than the 35—n 2P cross sections.

between them is exceptionally large. The constraint of the While Figs. 9—12 show only moderate agreement of the
sum rule tends to reduce the other matrix elements in th8orn cross sections with the experimental values, it is, nev-
series. Carrying this analogy to electron-impact excitationsertheless, instructive to use the Born approximation to ana-
we see that the 353 3P excitation cross section is re- lyze the trend of variation of the excitation cross sections

> 1(239)z|n 3P, m=0)2=(235|7323S). (21)
n
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TABLE IV. Direct cross-section ratios obtained from experi- 1.4 . . . ,
ment and from the Born approximation. *  He(2°s —2%) Thiswork |
12 —o— Li (22§—>22|2=) Ref.[23) |
Experiment Born Born e Na@S T3P Ref. [14)
(10evV (10eV) (40eV) 10 i
Q(2°35-33%9)/Q(235—439) 4.2 4.9 4.8 _§
Q(235-439)/Q(235—-539) 2.6 2.6 2.6 o8 }
Q(235-23%P)/Q(235—33P) 69 118 67 &
Q(235-33%P)/Q(235-43P) 3.6 37 32 @ °° 1
Q(23%s—3°D)/Q(2°%5—4°D) 5.4 4.1 4.2 o
Q(235-4°D)/Q(23%s—5°D) 3.2 25 25 o 1

0.2

with n for eachL family and compare this with our measure- 00 LLi ) . . .
ments. In Table IV we list the values of the cross-section 0 5 10 15 20 25
ratios Q(23S—n 3L)/Q(23S—[n+1] 3L) for the S, P, Energy (eV)

andD series obtained from our measurements at 10 eV and

from Born calculations at 10 and 40 eV. The Born cross- FIG. 13. Comparison of the experimentally observed shapes of
section ratios are nearly the same at the two electron energi€§€ct cross section vs energy for excitation into the fitstevel
shown for the 2S—n 3L excitations except for the ratio above the initial level for H@°S), Li(2°S), and N43°S). All ex-
involving Q(2 3g .o 3P). We see a reasonable agreement jncitation functions are normalized to unity at 10 eV.

the cross-section ratios between the Born calculations and lowlv at high . h s and 3°D
our experimental data. The results shown in Table IV Sug_mor_e slowly at higher energies, whereas na o
xcitation functions are rather similar. This trend is different

gest that in the absence of experimental measurement an ) . 3 L
rom our experimental observation of the’l3 excitation

timate of the 2S—n 3L excitation cross section for a . .
high- level can be obtained by using the Born approxima_functlon having the broadest peak and thiS3he narrowest.

tion to calculate th€(23S—n 3L)/Q(2 3S—43L) and tak- Although the experimental data shown in Fig. 4 are the ap-

ing the product of this ratio times the experimental value ofParent excitation fu_nctlons, the same trend_holds for Fhe. di-
Q(2 35,4 3L). rect excitation functions. We can also examine the variations

of the excitation functions within a series of8—n 3L ex-
citations(n=3) for a givenL. The shapes of the excitation
B. Shape of the excitation functions functions calculated by the Born approximation for different

One can also compare the shapes of the H&(2n 3L) n within anL series_ are very si_mila_r, and the same is true of
excitation functions to the shapes of the excitation functiongh® measured excitation functioiiBigs. 4—-6 even though
out of the ground states of the lt#4] and Li[23,24 into the  the theoretical and experimental shapes do not agree well
corresponding excited states. Figures 13—15 show some ¥fith €ach other. Because of this constancy in the shape of the
these comparisons. In Fig. 13 we plot the normalized result§Xcitation functions for a givenL, the ratio of
(normalized at 10 eV of the He(2’S—2°%P) excitation

function along with those of the Li(2%5—22P) and 25 T . . .
Na(3?S—32P) excitation functions. These three curves « He (2% — 3%) This work
represent excitation into the fir®® level above the initial —o— Li(2°8 > 3%S) Ref. [24]

s Na(3’S—>4%S)Ref.[14]

level. One can see that all three curves have relatively flat  2°
maxima, with the He(3S—23P) declining slightly faster
with increasing energy than the two alkalis. Figure 14 shows § sl
excitation functions into the firs level above the initial g
level—He(2°S—33%9), Li(22S—32S), and Na(®S
—472S). These excitation functions show remarkable simi-
larity in shape, with all three having a narrow peak just after
onset. Likewise, one can compare excitation functions into © i
the first D levels—He(2S—3°D), Li(2 2S—32D), and osl .
Na(32S—32D). Figure 15 shows that the curves for the
He(2°S—3°D) and Li(2°S—32?D) are very alike,
whereas the Na(35—32D) excitation function shows ap- 0.0
preciable deviation below 7 eV. For further comparison we
also plot in Fig. 15 the shape of the N&A8—4 2D) excita-
tion function which is seen to be remarkably close to the He £ 14. Comparison of the experimentally observed shapes of
and Li curves. cross section vs energy for excitation into the f8devel above the

In Fig. 16 we show the shape of the excitation functions,nitial level for H&(2 3S), Li(22S), and N432S). The He and Na
calculated by the Born approximati¢®5], for excitation out  data are direct excitation cross sections but the Li curve includes
of the 23S into the 33%S, 33P, and 3°D. The 3%P excitation  cascade contributions. All excitation functions are normalized to
function has the sharpest peak near the onset but declinesity at 10 eV.

ross Sect
P

T TA \ " L Il 1
0 5 10 15 20 25

Energy (eV)
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1.4 T T T T T T T
= He (2% — 3°D) This work 1ol Born —e_2%5 3%
12k —o— Li (2%8 — 3%D) Ref. [24] ’ Approximation o 23§ 3%
: e o Na (3% = 37D) Ref. [14] ‘ <o 23§ 53%D
Sy 5 o Na (3% = 47D) Ref. [14) .
10}t [ =X, . c o8 A,
o o \ “a,
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FIG. 15. Comparison of the experimentally observed shapes of FIG. 16. Comparison of shapes of excitation functions for
direct cross section vs energy for excitation into the fbstevel ~ He(2°S—3°L) excitation obtained by Born approximation calcu-
above the initial level for HE 3S), Li(2 %S), and N432S). The He lation at low energies. The peak cross section for each curve is
and Na data are direct excitation cross sections but the Li curv&ormalized to unity.
includes cascade contributions. For additional comparison the exci-
tation function for Na(¥S—42D) is also shown. All excitation ~€Xcitation energyg;; as E;—E;, the oscillator strength can
functions are normalized to unity at 10 eV. be written as

Q(235—n3L)/Q(23s—n’ 3L), with n, n’>2, is nearly i = (E;i IR)(S;;/393)- (26)
independent of the electron energy, and provides a means
extrapolating the measured cross sections to highas sug-

gested in Sec. V A. On the other hand, the ratio of cros > .
sections across twd. families, Q(23S—n 3L)/Q(23S V|2 exp(K-F)|¥;) as a function of the momentum

—n’ 3L"), is generally energy dependent, and is not as usec_hangeﬁK that the electron suffered in the collision. The

ful a parameter for extrapolation. 'Ogag“hmizc term in Eq. .(2.4) originates [27] from .
IN(KnhadKmin) Where the minimum momentum change is

given by Ki,a5~(E;;/R)?/(2E/R). The radial integral

(Pi(r)]j1(Kr)[P;(r)) of the form factor is mainly deter-
In this section we analyze the cross sections for excitatiomined by the range of the more compact of the two radial

out of the metastable H2°S) level in relation to the excita- atomic functions in that integral, i.eR;(r), viaKr=1 due to

tion cross sections out of the ground levels of the alkali-the canceling effect of the oscillations of the Bessel function

metal atoms. Since this is an initial step toward a more comj,(«r) for_Kr>1. The maximum practicaK is therefore

prehensive study, we limit ourselves to excitation into thegiven by (Kag)?~1/n2=1,/R, wheren; andl; are the prin-

first P level, i.e., He(£S—2°P), K(42S—472P), etc. As a cipal quantum number and ionization potential of the initial

guide to our approach we start with Born theory. For excita-state, respectively. Hence,

tion corresponding to dipole-allowed transitions, the Born _

theory may be simplified by the Bethe approximation. For Cijz(Kao)Z/(Eji /R)2~IiR/Eﬁ (27)

the case of He(3S— 2 3P) excitation, calculationgl] show . o . )

that the Born-Bethe procedure reproduces the full Born callS @ satisfactory appro3><|mat|on for our discussion of the re-

culation down to an energy of about 3 eV. For electron exJations among the H2°S) and alkali-metal cross sections.

citation out of leveli of degeneracy; into levelj of degen- One advantage of the Born-Bethe theory is that it con-
eracyg, the Bethe-Born cross section[[26] nects the excitation cross section to atomic parameters in a

simple form. Since our measured (2€S) excitation cross
sections are limited t&€=<18 eV, we do not compare them

) (24) quantitatively with the Born-Bethe calculations. Instead we
attempt to find correlations between the measured cross sec-

wherea, is the Bohr radiusR is the Rydberg energl3.6 tions of the He, Li, Na, K series with t.he relevgnt atomic

eV), and S, is the line strength of amN-electron system parameters even though the mathematical functional depen-

defi,ned by” dence of Eq(24) is not satisfied. In Table V we list the line
strength, oscillator strength, excitation energy, ionization en-

ergy, and the polarizability of the initial state, along with the
mj> |2

the parameters;; and y; can be determined, in principle,
from full knowledge of the inelastic form factor

C. Overview of the He(2 3S) and alkali cross sections

SI] | 4CijE+ﬂ

4ma’
BB'_)' _ 0
Q™(i=1) 35, ' R ' EIR

" E/R

(25) peak cross sections for tieS— n;P excitation, where; is
the principal quantum number of the initial st8,28—31.
Motivated by Eq.(27) we also list the values dfR/ EJZI

with m; andm; being the sublevel indices. If we define the  Let us first compare only the three alkali-metal atoms,

N
_ez I?s
s=1

&,»=E_|<mi

m; mJ
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TABLE V. Peak excitation cross sectiofs(in units of 107*° cn?) and atomic propertie@n atomic units
unless otherwise notgd

He(235—23P) Li(2 25—22P) Na(32S—32P) K(42S—42p)

Q(i—j) 11.2 4.1 3.6 4.7
S;/9; 19.2 16.7 19.1 25.8
fi; 0.539 0.753 0.982 1.02
li (eV) 477 11.2 5.14 4.34
Eji (eV) 1.15 1.85 2.10 1.61
LiRIES 49.4 21.3 15.8 22.8

a; 316 165 166 303

leaving out He for the moment. The cross sections are not As a note of interest, we see from Table V that a large line
entirely on the order of the line strength as Na has the smalistrength, rather than a large oscillator strength, results in a
est cross section, but its line strength is larger than that of Lilarge excitation cross section. This is understandable since it
Sodium has the largest excitation energy which may tend tgs S; not f;;, that appears as a multiplicative factor in the
decrease the cross section. This difference is accentuatedsifst term of Eq.(24). The smallerf;; in He results from the
we look at theIiR/Ejzi parameter which has a substantially small excitation energy.
smaller value for Na than for Li. Here it appears that the line
strength has a primary influence on the cross section, but a
small IiR/Ejzi may compensate for a larg&; to yield a
smaller cross section. Included in Table V is the polarizabil-
ity which does not appear in the Born-Bethe formula. For We have obtained absolute apparent cross sections for
slow collisions the importance of the polarization interactionexcitation out of the 3S level of He into nine higher triplet
is well known. Even at higher impact energies the polariz{evels. We have performed a new absolute calibration of
ability is still a relevant parameter for the alkali-metal atoms.these cross sections, and our results agree well with the cross
Consider, for instance, the case of Na. The dipole matrixections reported by Lages al. from their fast beam experi-
element|(3S|f|3P)|* is so much larger than the ones con- ments that used an entirely different method for absolute
necting the 3 state with the higheP states that the second- calibration. From these data we have also been able to deter-
order perturbation formula for the polarizability can be ap-mine the direct cross sections for excitation into these levels.
proximated by just the leading term, which is proportional toof special note, we have measured the extremely large
Szsap/Ezs3p- Indeed Table V shows that the cross sectionsy 35, 23p cross section for the first time. For excitation out
almost follow the same trends as the polarizability of theof the 2°S level the cross sections for the optically allowed
initial state. This is a manifestation of the importance of the|eve|s (n 3P) are smaller than the cross sections formh@
influence of the line Strength on the cross section as mOdlflegnd n SS levels. This is in contrast to the case of excitation
by Ej; . out of the ground levels where the'P levels have much

We now include He in our consideration to see whethellarger cross sections than the'D andn S. This reversal
the relations between the cross section and the atomic pararBehavior is explained on the ground that the extraordinarily
eters conform to the pattern discussed in the preceding parggrge cross sections for the®3—2 3P excitation causes a
graph. The most obvious feature is that the He cross sectioduction of the cross section for the higher members of the
is much larger than the alkali-metal-atom cross sectionsy 3p series. Forn=3, 4, and 5, our excitation functions
whereas the atomic parameters, exdeRLE ;, exhibit much  show a pattern of sharply peaked excitation functions for the
less variation. The qualitative pattern is still consistent withy 35 andn 3P levels, and broad excitation functions for the
the cross sections being influenced by the combined effects 3p |evels. The 2P excitation, however, has a distinctly
of S;/g; andl;R/Ef, but the former no longer dominates the flatter excitation function than the higher®P levels. We
cross section. For instance, He has three times the cross s@fzve made comparisons with the electron excitation of the
tion of Na, yet their values 0§;/g; are nearly the same. ground levels of the alkali-metal atoms in order to provide a
Likewise K has a significantly large§;/g; (34% but a  more unified view toward understanding the excitation be-
much smaller cross sectiofless than haJf than He. Of  haviors of both HE& 3S) and the alkali-metal atoms.
course the effects of line strength and excitation energy are

not strictly separable. Nevertheless, our goal is to seek a

simple picture to understand the gross features of the cross ACKNOWLEDGMENTS

sections in terms of atomic parameters. In this regard we find
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