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The method of electron-photon coincidence is used to ‘‘resolve’’ the electron-impact excitation of then 1P
levels~n53 and 4! from nearby levels. Experimentally determined ratios of the differential cross sections for
the electron-impact excitation of 11S→2 1P, to 11S→3 1P, and 41P transitions are presented at 30-, 40-, and
80-eV incident electron energies. Differential cross sections for the 11S→3 1P and 11S→4 1P transitions are
derived by normalizing these ratios to available experimental differential cross sections for the 11S→2 1P
transition. The ratios and differential cross sections are compared to available theoretical and semiempirical
data.@S1050-2947~96!06210-5#

PACS number~s!: 34.10.1x, 34.80.Dp

I. INTRODUCTION

Considerable effort has been made in the past to investi-
gate the electron-impact excitation of helium. Despite its
relatively simple electronic structure, helium continues to be
a very important target for electron-scattering studies for nu-
merous reasons. Pioneering studies of the fundamental pro-
cesses in electron collisions, e.g., elastic electron scattering,
electron-impact excitation, resonant electron scattering, ion-
ization ~including e-2e!, etc. have been carried out using
helium as a target. The studied electron-helium scattering
processes, in turn, have found widespread applications in
man made plasmas~e.g., in Penning-ionization spin-
polarized electron sources or as a buffer gas or in helium-
filled lasers!. In addition, helium is an abundant element and,
therefore, helium emissions are widely observed in a variety
of stellar and interstellar media, and are in turn used for
determining abundances of this element. It is, therefore, im-
portant to provide quantitative electron collision cross sec-
tions for this target. Differential scattering electron-energy-
loss spectroscopy~EELS! has yielded a significant quantity
of data concerning both elastic and inelastic electron-
scattering channels@1#. Using conventional EELS, differen-
tial cross sections for the excitation of the strong 11S→n 1P
transitions in helium have been possible, but have been lim-
ited to the energetically resolvable 11S→2 1P transitions
where some of the most accurate inelastic differential-cross-
section~DCS! measurements are to be found@2#. There is
also a significant body of data concerning coherence and
correlation parameters for the excitation of the 21P and the
3 1P levels@3,4#. No absolute experimental differential cross
sections~DCS’s! are available for the excitation of then 1P
levels (n.2), the reason being that conventional EELS from
gaseous targets~employing electron beams of intensity of
several nA! cannot provide the high-energy resolution~,13
meV! required to resolve the 31P and 41P levels from
close-by levels, as well as providing adequate scattered elec-
tron signal for precise DCS measurements.

A semiempirical attempt@5# to obtain DCS’s for then53

levels using EELS, used first-order many-body theory~FO-
MBT! to calculate the contribution, to the signal, from the
1 1S→3 1D and 33D transitions. Since this effort relied on
theory, it is useful to attempt to determine these DCS’s by a
direct method.

For excitation of the 11S→n 1P transitions in helium,
there has been a considerable amount of activity on the theo-
retical front. Earlier, an 11-stateR-matrix calculation@6# was
used in astrophysical investigations@7# aiming to determine
the H:He ratios of primordial regions of the universe. Sub-
sequently, 19- and 29-state calculations have been made@8#.
Even more recently, a theoretical~FOMBT! and experimen-
tal collaboration has resulted in two papers regarding the
electron-impact excitation of the 11S→n 1P transitions in
helium @9#. Also, the very recent convergent close-coupling
method@10# ~CCC! has been very successful when applied to
electron scattering from targets whose wave functions are
relatively simple, e.g., hydrogen, helium, and sodium. Fully
experimental DCS’s for the 11S→3 1P, 4 1P transitions are
thus desirable as tests for present theories.

In addition, there is interest regarding then dependence
of these DCS’s for the 11S→n 1P transitions. Cartwright
and Csanak@11#, showed in the context of the FOMBT, that
for helium the 11S→n 1P electron-impact excitation transi-
tion matrix elements are strongly dependent on the radial (r )
part of the wave function close to the nucleus. This idea is
also expounded by Bubelevet al. @12#. In the case of helium
then 1P wave functions show essentially identical form for
small r . Thus factoring out ther terms in these transition
matrix elements results in the following.

~i! Various ratios of the magnetic sublevel transition ma-
trices become independent ofn.

~ii ! 1 1S→n 1P excitation cross sections should scale in
proportion to (n2mn)

23, wheremn is the quantum defect
associated with then 1P level. Thus 11S→n 1P (n.2)
cross sections can be derived from 11S→2 1P cross sec-
tions.

~iii ! The electron-photon coherence and correlation pa-
rameters@3# for an excited state of particular symmetry can
be determined accurately by measurements for the strong
1 1S→n 1P transition, and using these measurements as also
representing those of the other 11S→n 1P (n.2) transi-
tions which have lower electron scattering cross sections.
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This was demonstrated experimentally by Hammond, Kha-
koo, and McConkey@13#, the data being restricted to an
incident energy of 80 eV and a scattering angle of 20°. As
previously stated, then 1P n-independence model was fur-
ther discussed very recently by Bubelevet al. @12#, who ap-
plied it to electron-hydrogen, electron-sodium, and positron-
helium scattering using the distorted-wave Born
approximation~DWBA!.

In this work, an extension of an earlier report@14#, we
present direct DCS measurements of excitation cross sec-
tions for the 11S→n 1P ~n53 and 4! transitions in helium,
based on the electron-photon coincidence method.

II. SCHEME OF MEASUREMENT

The present measurements determine the ratiosRnP of the
DCS’s [ds/dVe(E0 ,ue)nP] for the electron-impact excita-
tion of the 11S→n 1P ~n53 and 4! transitions. We define
these ratios as

RnP5
ds/dV~E0 ,ue!2P
ds/dV~E0 ,ue!nP

~1!

at a given incident electron energy (E0) and scattering angle
(ue). Using these ratios, the DCS’s for the 1

1S→n 1P tran-
sition may be determined by normalization ofRnP to the
experimental DCS’s for the 11S→2 1P which are available
@9,15,16,24#. The electron-photon coincidence method is
used to separate out the electron-impact excitation channel
for the 11S→n 1P ~n53 and 4! transitions from other ex-
citation channels present in conventional EELS spectra of
helium.

A. Theory

The experimental determination ofRnP using the
electron-photon coincidence technique in helium relies on
the fact that the helium atomic levels are fullyLS coupled.
Thus in excitation of the singlet→singlet transitions by elec-
trons, spin interactions are negligible and can be factored
out. Additionally, parity conservation in electromagnetic in-
teractions restricts the excited-state charge distribution
^n 1Pun 1P& to have the same reflection symmetry~1 with
respect to the scattering plane! as the ground state~isotropic!
charge distribution̂n 1Su1 1S&. The excitedn 1P state in the
natural frame coordinates~Fig. 1! can now be written as@3#

un 1P&5 f21
n u1,21&1 f 1

nu1,1&, ~2!

where f 21
n and f 1

n are the~complex! scattering amplitudes
describing the excited state in theuL,mL& orbital basis~L
51,mL51, 0,21! with the axis of quantization perpendicu-
lar to the scattering plane.

Using the geometry in Fig. 1, the electron-photon coinci-
dent rate,dNc/dt, for any transition can be written as@17#

dNc /dt5ds/dVe~E0 ,ue!

3$I eNGLeDVeDVg%EeEgbgz~ug ,Fg!. ~3!

Here I e , NG , Le , DVe , andDVg , respectively, are the in-
cident electron fluence~s21!, target gas number density
~cm23!, ‘‘effective’’ path length of electrons through the gas

target beam~cm!, electron analyzer, and photon detector
solid angles~sr!. Ee andEg are the respective detection ef-
ficiencies for electrons and photons, andbg is the branching
ratio for the observed radiation. Again,ds/dVe is the exci-
tation DCS~cm2 sr21!. z~ug ,Fg! is the normalized angular
distribution function of coincident photons which contains
the geometric information of the excited state charge cloud.
For the fully LS coupled 11S→n 1P transitions in helium at
a fixedue @3#

z~ug ,Fg!5 1
2 ~3/8p!@11cos2ug2PL

3cos2~Fg2g!sin2ug# ~4!

~ug andFg are the polar coordinates of the photon detector!

with PL52u f 1
nuu f 21

n u and ^ f 1
nf21

n* &52 1
2PL exp(22ig). g is

the alignment angle of the excited state charge distribution
@3#. Whenug50, i.e., the photons are observed perpendicular
to the scattering plane, as in the present case~see Fig. 1!,
z~0,Fg!53/8p and the coincidence rate given by Eq.~3! is
directly proportional to the excitation DCSds/dVe(E0 ,ue)
if the photon detector is polarization insensitive. If this is not
the case then coincident measurements should be taken at
two orthogonal values ofFg , and then summed.

Our method is to take such electron-photon coincidence
spectra for theug50 setup, for the 11S→2 1P, 1 1S→3 1P,
and 11S→4 1P, transitions in helium under identical condi-
tions @identical parameters in$ % in Eq. ~3!# and known re-
spective timesDt2P, Dt3P, andDt4P. Corrected for detector
efficiencies, the averaged coincidence rate
$Nc(2P)/DtnP%(E0 ,ue) ~n52, 3, and 4! obtained from the
coincidence spectra yield the ratios

$Nc~2P!/Dt2P%~E0 ,ue!

$Nc~nP!/DtnP%~E0 ,ue!
5
ds/dV~E0 ,ue!2P
ds/dV~E0 ,ue!nP

5RnP ~5!

from Eq. ~3!, whereNc (nP) is the accumulated number of
coincidences for the featurenP in the acquisition timeDtnP ,
etc. We note that this equation applies even when the photon
detector solid angle is finite, but centered aboutug50 as can
be observed by integratingz~ug ,Fg! about a cone centered

FIG. 1. The scattering geometry for the present electron-photon
coincidence experiment, shown in the ‘‘natural’’ frame@3#.
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aboutug50. TheseRnP ratios can be used to determine the
DCS for then1P feature using the 21P DCSs from a con-
ventional EELS experiment.

B. Experimental setup and measurements

In our setup, a monochromated electron beam crosses a
gas jet from a molybdenum needle. Scattered electrons are
detected as a function of energy loss (DE) and ue by a
hemispherical analyzer equipped with a high count-rate,
long-life electron multiplier ETP model AF151H!. The elec-
tron spectrometer has virtual apertures of 1.5-mm diameter
and an energy resolution varying from 120 to 200 meV, an
angular resolution of 5° full width at half maximum
~FWHM! with an incident electron current in the range of 0.1
to 0.7mA. Its ue setting is computer controlled via a stepper
motor placed outside the vacuum. A typical electron-energy-
loss spectrum taken by this instrument is shown in Fig. 2.
Perpendicular to the scattering plane is the vacuum-
ultraviolet ~VUV ! photodetector~an electron multiplier with
aluminium dynodes, ETP AF151! which has three 91%
transparency molybdenum grids. The first~i.e., nearest to
collision region! and third are shorted to the collision region,
and the second is at11.5 V ~relative to the collision region!
to repel helium ions. The first dynode of the photodetector is
at 2E025 V ~relative to the collision region! to repel elec-
trons from reaching it. The photodetector dynode area was
0.8 cm2, and placed 2.8 cm from the collision region. In the
preliminary stages of this experiment an in-vacuum stepper
motor was used to rotate the photodetector about the angle
Fg ~Fig. 1! to determine its polarization efficiency, but was
later removed~see Sec. III!. The helium gas jet is angled at
'45° relative to the scattering plane to shoot the thermal
beam of helium downwards in an effort to reduce the detec-
tion of neutral helium 21S or 2 3S metastables by the pho-
tomultiplier. We estimated that the metastable signal was
,5% of the total photon signal. The timing response and

count-rate performance of the photomultiplier were,10 ns
~pulse width, FWHM!, a jitter time of'1 ns, and an ob-
served linearity in count rate in the range up to and greater
than 200 kHz. The type of detectors~electron and photon
detectors! used here proved crucial to the experiment, since
they did not need rejuvenating like conventional channel
electron multipliers, and we could acquire data for essen-
tially indefinitely long periods even at high count rates.

The vacuum was maintained by an unbaffled Diffstak
pump~Edwards High Vacuum! with Santovac oil, backed by
a rotary pump using a low-grade diffusion pump oil~Diffoil
20, K.J. Lesker Co., vapor pressure'1027 torr! and
equipped with a Micromaze~K.J. Lesker Co.! oil vapor trap.
The base pressure of the vacuum tank was typically 631028

torr.
The electron spectrometer has been discussed previously

@18#. The experiment was baked using biaxial heaters~Ari
Industries Inc.! at 120 °C~including the detectors! to stave
off the long-term deleterious effects of diffusion pump oil,
and performed stably for periods of greater than nine
months. Typical count rates varied from'10 to'2 kHz in
the photon channel, and'100 khz to 50 Hz in the electron
channel. The detectors were connected to fast preamplifiers
~EG&G Ortec Model VT120!, and then to a modern coinci-
dence system using constant fraction discriminators, a time-
to-pulse height converter~TPHA! and an analog-to-digital
converter~ADC!. The ADC~Accuspec NaI board, Canberra
Instruments! was part of an IBM personal computer which
controlled the two stepper motors~ue andFg! in the experi-
ment, monitored the pressure behind the gas source and the
voltages in the experiment~e.g., energy losses! via a multi-
plexer system, and reset the ADC for different coincidence
spectra, keeping track of number of repetitive loops, standard
deviation drifts in gas pressure, electron current~if needed!,
electron-energy-loss voltages, etc. The electron channel was
used to start the TPHA. The gas source drive pressure was

FIG. 2. EELS spectrum of helium taken at
40-eV 50°, showing the situation regarding reso-
lution of features by our electron beam. The
FWHM energy resolution is about 160 meV, and
the incident electron current is 0.4uA.
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kept below 1.0 torr and this closely corresponded linearly to
a pressure of below 131026 torr in the experimental cham-
ber ~corrected for the sensitivity of the ionization gauge!.

After tuning the electron spectrometer to achieve as best
as possible the desired flat ionization energy loss profile@19#
at 30-eV impact energy~to obtain a uniform analyzer trans-
mission!, the following procedure was used to set up the
system for coincidence: We scanned an energy-loss spectrum
at the fixedE0 andu value and then located the maximum of
the 21P from the 23P levels ~e.g., see Fig. 2!. At large
angles, this had to be determined by unfolding the nearby
levels using a spectrum fitting program that we have, which
was discussed by Khakooet al. @20#. Having centered the
energy-loss setting of the spectrometer for the 11S→2 1P
feature, the computer was set to go repetitively to additional
energy losses of 0,11.8685, and 2.523 eV, for the
1 1S→2 1P, 1 1S→3 1P, and 11S→4 1P features. Typical
periods spent at these energy, loss values wereDt2P5100 s,
Dt3P5600 s, andDt4P51000 s to acquire about equal sta-
tistics for the 21P, 3 1P, and 41P coincidence spectra. At
E0530 and 40 eV, we modulated between the 21P and 31P
electron energy losses, and~in separate data runs, later! the
2 1P and 41P electron energy losses. At 80 eV all three
energy-loss lines were covered in single data runs. The
energy-loss values provided by the spectrometer remained
constant~63 meV over a period of several weeks!. With this
stability, at the electron energy resolutions mentioned above,
we estimated that the relative signal of scattered electrons
from 21P, 3 1P, and 41P could not vary by more than a
percent. Typical times for a single-scattering angle varied
from a few hours to about a month. The data were taken at

quasirandom values ofue , and repeated to check reproduc-
ibility or improve statistics.

III. ANALYSIS OF DATA

Typical samples of coincidence spectra produced for
electron-photon coincidence experiments involving then53
and 4 electron energy-loss manifolds are shown in Figs.
3~a!–3~d!. The ‘‘tails’’ in these spectra are due to contribu-
tions from the respectiven-singlet states which cascade
down to the ground state. These cascades terminate in the
ground state via the 21P ~for the n53 levels! or 3 1P ~for
the n54 levels! levels releasing 58.4- or 53.7-nm photons,
which can be detected by our photodetector~see Fig. 4!.

A. Analysis of cascades

The contributions of cascades in then53 and coinci-
dence spectra can be determined by using the procedure de-
scribed in van Linden van den Heuvellet al. @21#. To do this
requires a knowledge of the instrumental timing resolution,
which is usually assumed to be a Gaussian. However, we
noted that in our experiments this is not the case. Observa-
tions of our 21P coincidence spectra showed clearly that the
peaks were in some cases sharper on the decay side~see Fig.
2 in our previous paper@14#!. Thus the conventional analytic
form for coincidence peak, using a Gaussian response func-
tion for the analyzer@see, e.g., van Linden van den Heuvell
et al. @21#, their Eq.~3.2! and explanatory text# is valid in our
case! and another applicable method was needed. Then53
and 4 coincidence spectra were thus numerically deconvo-
luted for these cascades. The time dependence of such spec-
tra is given numerically by

FIG. 3. Selection of fitted electron-photon coincidence spectra at
E0540 eV and variousue . ~a! 3 1P coincidence spectrum at
E0540 eV andue520°. ~b! Same as~a!, but at 100°.~c! 4 1P
coincidence spectrum atE0540 eV andue510°. ~d! Same as~c!,
but at 50°.

FIG. 4. Energy-level diagram of pertinent heliumsingletstates
involved in observed photons and important cascade routes.
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Nc~ t !5NnPE
2`

t

e2t8/tnPF~ t8!dt8

1(
i51

K

NiE
2`

t

e2t8/t idt8E
2`

t8
e2t9/tnLF~ t9!dt9,

~6!

where t is the real time, andt8 and t9 are dummy~time!
variables, andF(t) is the instrumental time response, de-
rived from the corresponding 21P coincidence spectrum,
and made up of a superposition of Gaussians.K is the num-
ber of decay cascade channels considered in the deconvolu-
tion. The first term in Eq.~6! represents the direct decay
photons, whereas the following terms~summation! are due to
cascades. TheNnP andNi intensities of the direct and thei th
cascade,tnP , t i , and tnL , are the decay lifetimes of the
direct n 1P, the i th cascade, and the level which terminates
the cascade to the ground state. Theset values were taken
from Wiese, Smith, and Glennon@22# ~see Table I!, and the
cascade schemes are sketched in Fig. 5. For then53 mani-
fold we considered the cascades 31S→2 1P→1 1S
~tmax555.2 nS! and 31D→2 1P→1 1S ~tmax515.67 nS!.
For then54 manifold we considered the favored cascades
4 1S→2 1P→1 1S ~tmax5152 nS!, 4 1D→3 1P→1 1S
~tmax5141 nS!, and 41F→3 1D→2 1P→1 1S ~tmax572.5
nS!. Here tmax is the lifetime of the slowest decay in the
cascade~see Table I!. We note here that then54 manifold
has more cascading levels than then53 manifold, but it is
simpler to unfold because these cascades are considerably
longer than the direct 41P→1 1S decay~see table I!. NnP
andNi were determined from a nonlinear least-squares fitting
of the coincidence spectrum, using the Levenberg-Marquardt
method of nonlinear least squares in theNumerical Recipes
in C software package@23#.

B. Branching ratios and quantum efficiency
of detector

The resulting areas of the 21P andn 1P peaks are cor-
rected for branching ratios,bg , according to Eq.~3! as tabu-
lated in Table I. The relative photon detector wavelength
efficiencyEg at 53.7 nm~relative to 58.4 nm was measured
by carrying out the same coincidence experiment atE05100
eV and small (5°,ue,20°) scattering angles, and using
available theoretical values@9,10,24,25,26# of the ratios of
1 1S→2 1P and 11S→3 1P DCS’s ~which are all in very
good agreement in this range!. The resulting ratios of relative
efficiencies for the 58.4 nm and 53.7 nm VUV radiations
were measured to be 1.1260.02, in very good agreement
with measurements taken at the National Institute of Stan-
dards and Technology~NIST! for the type of surface~Al2O3!

TABLE I. Relevant singlet-singlet transitions for helium. Transitions labeled with an asterisk lead to
trapping into the metastable 21S state, whereas the double asterisk signifies a transition which makes a,1%
contribution to the decay. The I.D. symbols refer to Fig. 4.

Transition
(LS) Lifetime

A coefficient
~108 s21!

Branching
ratio ~%!

Wavelength
~nm! I.D.

4 1F→3 1D 72.5 ns 0.09478 100 1869.7 Va
4 1D→3 1P 49.5 ns 0.202 74.0 492.2 IVa
4 1D→2 1P 140.6 ns 0.0711 26.0 1908.9 IIa
4 1P→4 1S 17.27ms 0.000 579 0.024 18 095.0 **
4 1P→3 1D 03.61ms 0.002 77 0.18 1855.5 Vb
4 1P→3 1S 729.9 ns 0.0137 0.531 1508.4 III
4 1P→2 1S 139.5 ns 0.094 78 3.68 396.5 *
4 1P→1 1S 4.07 ns 2.46 95.39 52.22 Ia
4 1S→3 1P 218 ns 0.094 78 41.20 2113.2 IVb
4 1S→2 1P 152 ns 0.094 78 58.80 504.8 IIb
3 1D→2 1P 15.67 ns 0.638 100 667.8 IIc
3 1S→2 1P 55.2 ns 0.181 100 728.1 IId
3 1P→3 1S 3.953 ns 0.002 53 0.044 7435.1 **
3 1P→2 1S 74.7 ns 0.133 8 2.308 501.6 *
3 1P→1 1S 1.77 ns 5.66 97.648 53.7 1b
2 1P→1 1S 0.55 ns 18.0 100 58.4 1c

FIG. 5. Effect of radiation trapping onR3P. Legend:d, experi-
mental values atE0540 eV andue520°; ----, analytic model with
zero solid angle; —, analytic model with finite solid angle;3,
Monte Carlo simulation. See Sec. III D for details.
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used for the first dynode of the detector@27#, i.e., 1.1360.02.
We did not repeat such measurements for 52.2 nm~3 1P
coincidence spectra!, and used the NIST data instead, assum-
ing that our detector’s efficiency was similar. This is reason-
able since these wavelengths are reasonably close. In fact at
52.2 nm the NIST results give the sameEg ratio for the
58.4–53.7 nm and 58.4–52.2-nm wavelengths. So the value
of 1.1260.02 was adopted for the ratio of our detectorEg at
58.4–52.2 nm.

C. Polarization efficiency of detector

In preliminary experiments the polarization efficiency of
our detector was determined by taking 21P coincidence
spectra at several orthogonal values ofFg , i.e., separated by
90°. This was achieved by mounting this detector to an in-
vacuum stepper motor. Coincidence spectra at 40 eV and
5°,ue,30° were taken for orthogonalFg positions of the
detector. These coincidence spectra were corrected for the
total photon signal. Our detector polarization efficiency was
consistently found to be,1%. In later experiments, the step-
per motor assembly was removed. This enabled our detector
to be moved closer to the collision region to its aforemen-
tioned position~Sec. II B!.

D. Radiation trapping effects

Finally, the ratios of the areas of the 21P coincidence
spectrum and the deconvolutedn53 and 4 spectra need to
be corrected for radiation trapping effects. We restricted
these measurements toue,30°, where the coincidence sig-
nal was easily obtained and we could repeatRnP ratio mea-
surements relatively quickly. We found thatRnP decreased
with pressure, independent of theue in the low-pressure do-
main employed here. A typical plot of the dependence of
RnP with pressure is shown in Fig. 5. The theoretical curves
are several models of radiation trapping. These models uti-
lized the treatment of light absorption and re-radiation as
discussed by Hishikawaet al. @28#. The dotted and solid
lines are crude models which depend on therelative anisot-
ropy of the radiation@53/8p for ug50 when not trapped; see
Eq. ~4!# dropping to an isotropic distribution~51/4p! when
completely trapped. After a collision@whose probability of
occurrenceP( l )5e2kl depends on the extinction coefficient
k and the path lengthl traveled by the photon in the gas~see
Hishikawaet al. for details of the dependence ofk on the
wavelength, the lifetime of the radiation and the density of
gas!#, the radiation isisotropically redistributed. The dotted
line is our model for a detector centered atug50, with es-
sentially zero solid angle, while the solid line is for our
model with a finite solid angle~0.10 sr! centered about
ug50. Typical corrections for the reduction ofRnP were in
the region of 5–9 % in the range of chamber pressures used
here, i.e., 131026–431027 torr. Subsequently, we also mod-
eled the radiation trapping using a classical Monte Carlo
algorithm ~crosses in Fig. 5! similar to that of Hishikawa
et al. @28#, but not including Doppler broadening. We did not
correct for the variation of lifetimes with pressure! as this
was found negligible in the present range of pressures~evi-
denced from our Monte Carlo simulation and also observed
elsewhere@29#!.

The resultant corrected ratiosRnP are tabulated together
with the respective DCS’s~in cm2 sr21 units! in Tables II~a!,
II ~b!, and II~c!, and a summary of errors are given in Table
III. To obtain the DCS’s we normalized our results to recent
2 1P DCS’s, i.e., the weighted average 21P DCSs of
Brungeret al. @15#, Trulhar et al. @16#, and Cartwright and
co-workers@9,24# at 30 and 40 eV. Interpolated and extrapo-
lated values of these DCS’s were used which were derived
from a polynomial fit to the averaged DCS’s. At 80 eV we
used the 21P DCS’s of Cartwright and co-workers@9,24#.
Comparisons with other available data are shown graphically
and are discussed next.

IV. DISCUSSION OF RESULTS

A. Ratios RnP

These ratios are plotted in Figs. 6~a!–6~c! for R3P and in
Figs. 8~a! and 8~b! for R4P. In Fig. 6~a!, we see that the
R-matrix theory@6# is not reliable at these energies giving
R3P that are almost a factor of 2 lower than our values. The
FOMBT @24# provides an excellent shape agreement with
ourR3P values, but overestimates the value ofR3P by about
25% on average. The distorted-wave Born approximation
~DWBA! @25# gives good values at smallue , but deviates
aboveue550° from our values ofR3P. Recent CCC@10#
calculations provide the closest agreement in shape and mag-
nitude with ourR3P measurements, and in fact are in excel-
lent agreement atue.50°. The situation atE0540 eV @Fig.
6~b!# is similar to that forE0530 eV, i.e., agreement be-
tween experiment and theory is best for the CCC. The CCC
is the only theory to display the hump inR3P at around 50°
as observed~more strongly! in our experiment. We note that
these present CCC results@10# have not yet been tested for
convergence, with increasing number of states, regarding
these very sensitiveRnP values. The FOMBT and DWBA
theories give good agreement with experiment forue,40°.
At this E0 value ourR3P measurements are considerably
lower than the theoretical results at backward angles. At
E0580 eV@Fig. 6~c!#, we see that theR3P measurements are
essentially flat. The data are restricted to smallerue , i.e., 60°
or below, because of the large acquisition times required to
obtain reasonable statistics. All theories do equally well in
this region, and apart from a disagreement with ourR3P at
10° and below overall agreement is very good.

ForR4P atE0540 eV and 80 eV@see Figs. 7~a! and 7~b!#,
we only have comparisons with the FOMBT@9,24# and CCC
@10#. The E0540 eV measurements cannot distinguish
which of the theories is better, and shows good agreement
with the theories. However, atE0580 eV, the measurements
are about 30% lower than the theories, although the shape
agreement is very good.

B. DCS’s

We compare our DCS’s for the 11S→3 1P transition in
Figs. 8~a!, 8~b!, and 8~c!. These DCS are obtained from our
R3P values using a weighted average of available experimen-
tal 1 1S→2 1P DCS’s from the work of Refs.@9#, @15#, @16#,
and @24#. Comparisons of the DCS’s atE0530 eV give ex-
cellent agreement with the CCC within the combined errors
of our R3P values and the averaged DCS’s. The FOMBT
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TABLE II. Summary of present results at~a! E0530 eV, ~b! 40 eV, and~c! 80 eV. For additional details, see text.

~a! 30-eV data
Angle
~deg!

2 1P
DCS Error

Ratio
2 1P:3 1P Error

3 1P
DCS Error

5 5.2310218 6.3310219 6.4 0.5 8.1310219 1.2310219

10 3.9310218 6.3310219 5.9 0.4 6.7310219 1.2310219

15 3.2310218 5.1310219 5.8 0.4 5.5310219 9.7310220

20 2.4310218 3.9310219 5.3 0.4 4.6310219 8.2310220

25 1.9310218 3.0310219 5.3 0.5 3.6310219 6.4310220

30 1.4310218 2.2310219 4.4 0.5 3.1310219 6.1310220

40 5.7310219 9.3310220 3.9 0.5 1.5310219 2.9310220

50 2.9310219 4.9310220 3.7 0.5 7.9310220 1.7310220

60 1.5310219 2.7310220 3.8 0.6 4.0310220 9.2310221

65 1.2310219 2.3310219 3.8 0.5 3.2310220 6.0310220

70 1.1310219 2.1310220 4.1 0.6 2.7310220 6.3310221

80 9.3310220 1.8310220 4.8 0.6 1.9310220 4.4310221

90 8.9310220 1.7310220 4.8 0.6 1.8310220 4.1310221

100 8.4310220 1.6310220 4.5 0.6 1.9310220 4.3310221

110 6.7310220 1.3310220 5.0 0.5 1.3310220 2.9310222

120 6.8310220 1.3310220 4.7 0.6 1.4310220 3.3310221

125 6.5310220 1.3310220 4.3 0.7 1.5310220 3.8310221

~b! 40-eV data
Angle
~deg!

2 1P
DCS Error

Ratio
2 1P:3 1P Error

3 1P
DCS Error

Ratio
2 1P:4 1P Error

4 1P
DCS Error

5 1.5310217 3.6310218 16.2 2.2 9.5310219 2.5310219

10 1.3310217 2.6310218 5.6 0.5 2.4310218 5.1310219 14.7 1.9 9.0310219 2.1310219

15 9.0310218 1.8310218 5.4 0.3 1.7310218 3.5310219 13.4 1.8 6.7310219 1.6310219

20 4.6310218 7.3310220 5.0 0.3 9.2310219 1.6310219 14.8 2.0 3.1310219 6.4310220

25 2.8310218 5.6310219 4.2 0.5 6.7310219 1.5310219 12.2 1.6 2.3310219 5.5310220

30 1.6310218 2.0310219 4.4 0.4 3.8310219 6.0310220 13.5 1.8 1.2310219 2.2310220

35 9.5310219 1.9310220 11.4 2.7 8.3310220 2.0310220

40 5.9310219 7.6310220 4.9 0.4 1.2310219 1.9310220 12.0 1.8 5.0310220 9.8310221

50 2.8310219 3.4310220 4.8 0.6 5.8310220 1.0310220 11.5 1.6 2.4310220 4.5310221

60 1.7310219 2.2310220 5.3 0.5 3.3310220 5.1310221

65 1.6310219 3.1310220 4.6 0.3 3.3310220 7.1310221

70 1.4310219 1.5310220 3.6 0.5 3.8310220 6.3310221

80 1.2310219 1.0310220 3.3 0.4 3.5310220 4.9310221

90 9.6310220 9.1310221 3.4 0.5 2.8310220 5.0310221

100 9.0310220 8.3310221 2.4 0.4 3.7310220 6.7310221

110 7.6310220 7.4310221 2.7 0.4 2.8310220 5.2310221

120 6.6310220 8.0310221 2.8 0.3 2.4310220 4.1310221

125 6.4310220 1.3310220 2.4 0.4 2.7310220 7.0310221

130 6.0310220 1.2310220 2.8 0.3 2.2310220 5.1310221

~c! 80-eV data
Angle
~deg!

2 1P
DCS Error

Ratio
2 1P:3 1P Error

3 1P
DCS Error

Ratio
2 1P:4 1P Error

4 1P
DCS Error

5 5.2310217 8.9310218 4.1 0.3 1.3310217 2.5310218 10.7 1.4 4.9310218 1.1310218

10 2.6310217 4.4310218 3.5 0.4 7.5310218 1.5310218 9.6 1.2 2.7310218 5.8310219

15 1.1310217 1.8310218 3.8 0.5 2.7310218 6.1310219 9.0 1.3 1.2310218 2.6310219

20 4.3310218 7.3310219 3.9 0.5 1.1310218 2.4310219 7.4 1.1 5.8310219 1.3310219

30 7.7310219 1.3310219 3.4 0.4 2.3310219 4.9310220 6.0 0.9 1.3310219 2.9310220

40 2.3310219 3.9310220 3.5 0.6 6.6310220 1.6310220 6.4 1.1 3.6310220 8.6310221

50 1.2310219 2.0310220 3.5 0.5 3.5310220 7.8310221 5.9 1.2 2.0310221 5.4310221

60 8.0310220 1.4310220 3.8 0.5 2.1310220 4.6310221
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shows good agreement with the measurements atue,40°,
but then drops down by a factor of 2. The DWBA and
R-matrix theories both do not do so well, giving DCS’s that
are too high. The DWBA extrapolates to the measured
DCS’s at smallue,15°. The disagreement with theRmatrix
demonstrates that in this case it cannot be valid forE0 values
in the range of this experiment. To provide added tests for
theR matrix atE0,30 eV is difficult with our arrangement,
because forE0,30 eV the DCS’s of then 1P features are
lower, and also because our experiment becomes prone to
uncertainty in the relative transmission of the electron ana-
lyzer. Finally atE0530 eV, comparison with the present
semiempirical DCS’s and the DCS’s of Chutjian and Tho-
mas@5# shows very good agreement.

The DWBA is recognized as an intermediate-energy
theory, and is not expected to be valid at the value ofE0530
eV; however, atE0540 eV @Fig. 8~b!# the DWBA @25# is in
reasonable agreement with experimental DCS’s, being
higher than our experimental DCS’s. Here, the CCC@10#
gives the best agreement with our DCS’s. Very good agree-
ment with the DCS’s of Chutjian and Thomas is observed,
but at ue.60° the present experimental DCS’s are some-
what higher. AtE0580 eV, agreement between the present
DCS’s, the CCC@10#, and the FOMBT@9,24# is very good,
especially with the CCC which goes through all the present
data points. Agreement with the DWBA@25# is not as good
in the region of 10°,ue,60°.

In Figs. 9~a! and 9~b!, we compare the present
1 1S→4 1P DCSs with available DCS’s from the FOMBT
@9,24# and the CCC@10# atE0540 and 80 eV. Both theories
agree very well with our results, but the CCC gives better
agreement with the present DCSs. At 80 eV, agreement with
both the FOMBT and CCC is very good.

C. n independence of the electron-impact excitation
of 1 1S˜n 1P transitions

For the excited states of helium the quantum defectmn for
the nth level is obtained using the Heisenberg method@30#.
For helium,mn520.0222,20.0242, and20.0247 forn52,
3, and 4, respectively, i.e., very small. Thus the DCS scaling
law @}(n2mn)

23; see Sec. I# predictsRnP ~n53 and 4!
ratios of 3.34 and 7.88. For a similar ratio

RnP8 5
ds/dV~E0 ,ue!3P
ds/dV~E0 ,ue!nP

, ~7!

the scaling law predicts values ofRnP8 ~n52 and 4! of 0.30
and 2.36, respectively. Any departure of our experimental

values ofRnP or RnP8 from these predictions indicates that
one or both DCS’s involved in these ratios is not following
the scaling law. From Figs. 6 and 7, we see that thisn inde-
pendence is not reached atE0540 eV, becauseR3P mono-
tonically decreases withue , dropping to 2.660.4, i.e., well
below the theoreticaln-independence value of 3.34. At
E0540 eV we find that the average ofR4P values for
ue.10° is considerably higher~i.e., 12.562! and somewhat
outside of error bars from the theoretical 7.88 value. At
E0580 eV we observe that then independence may have
been reached for anglesue.10° usingR3P andR4P. ForR3P

TABLE III. Summary of errors of present work. Errors are one
standard deviation.

Source of error 31P 4 1P

Detection efficiency 5% 5%
Analyzer transmission 5% 5%
Statistics and
fitting to feature 5–20% 8–25%

2 1P DCS error 7–20% 10–20%
Radiation trapping 5% 5%
Total error 16–26% 20–30%

FIG. 6. RatiosR3P at ~a! 30-eV, ~b! 40-eV, and~c! 80-eV im-
pact energies. Legend: -, experiment;d, present work. Theory: ----,
DWBA @25#; ...., FOMBT @9,24#; ---, R matrix @6#; —, CCC @10#.
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we obtain an average value of 3.660.5, in very good agree-
ment with then-independence value of 3.34. Turning toR4P
atE0580 eV, ourue.10° values average a little lower~but
inside our standard deviation errors! than then-independent
value of 7.88, i.e., 6.961.1 when we consider our data at
ue.10°. Comparing the ratio of DCS’sR4P8 from our Tables
II ~b! and II~c!, we see that at 40 eVR4P8 is flat across the
whole range of measurements. So taking the average of all
the data points we obtain a DCSR4P8 52.7060.44, in very
good agreement with then-independent ratio. At 80 eV for
this ratio we obtain a lowering of this ratio forue.10° from
2.660.42 to 1.860.42. This again is just below of the theo-
retical value of 2.36. The above measurements thus provide
strong support that at largerue ~.10°!, for n53 and 4 at
E0540 eV and above then independence of the DCS’s is
met, whereas forn52 one needs to go toE0.40 eV and
ue.10°.

A semiclassical interpretation of the lowering of this ratio
asue increases could be that at smallerue the interactions are
long range, and so the DCS’s are strongly influenced by the
large-r dependences of the wave functions, i.e., now
n-independence effects are not dominant. At larger angles,
shorter-range effects due to the penetration of the scattering
electron into the target atom will result inn-independent
effects dominating.

D. Cascade excitations

Figures 10~a! and 10~b! show examples of the relative
contributions of the 31D and 31S excitations atE0540 eV
with respect to the 31P excitation. These relative contribu-
tions cannot be converted into DCS’s, because the angular
distribution function for then 1S andn 1D states has a dif-
ferent symmetry from that for then 1P states, and requires
that detailed information about the angular distribution of the
excited state needs to be known, before the DCS’s of the

FIG. 7. RatiosR4P at ~a! 40-eV and~b! 80-eV impact energies.
Legend:d, present work. Theory: ...., FOMBT@24#; —, CCC@10#.

FIG. 8. Normalized DCSs for the 11S→3 1P transition at~a!
30-eV,~b! 40-eV, and~c! 80-eV impact energies. The legend is the
same as in Fig. 6, except open squares are 11S→3 1P DCS’s of
Chutjian and Thomas@5#.
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n 1S andn 1D states can be extracted from present-type co-
incidence experiments. We thus show the 31D and 31S co-
incidence signal ratios relative to the 31P state atE0540
eV. Comparison is made with the CCC@10# and the FOMBT
@9,24# DCS ratios for these states. As can be observed, the
angular (ue) dependence of the 31S:3 1P ratio is different
from the 31D:3 1P ratio. Whereas the 31D:3 1P ratio re-
mains relatively constant between 0.1 and 0.2, the 31S:3 1P
ratio goes up to 0.8. Comparison with theory shows that the
3 1D:3 1P ratios given by the CCC are reasonable, but those
of the FOMBT are too low. These effects are also observed
at E0530 eV and at 80 eV with approximately the same
magnitudes. For then54 levels, the situation is clear. The
DCSs of 41S, 4 1D, and 41F cannot be clearly differenti-
ated from each other. This is due to a data analysis problem.
It is difficult to differentiate the coincidence spectrum con-
tributions from 41S, 4 1D, and 41F because of their rela-
tively similar lifetimes in comparison to that of direct 41P
~Table II!. So we have grouped all these cascades as a single
unit. This yields a more defined profile which is plotted in
Fig. 10~c! for E0540 eV. It is observed that the overall
cascade contributions to the coincidence spectra increases as
ue increases.

V. CONCLUSIONS

We have described the implementation of a useful experi-
mental method to determine DCS’s of the 3,41P states of

helium which cannot be resolved using conventional EELS.
This is possible by application of the electron-photon coin-
cidence method in the VUV and time analysis of the coinci-
dence spectra to ‘‘resolve’’ then 1P contributions. The
present 31P DCS’s are found to be in good agreement with
the earlier semiempirical DCS’s of Chutjian and Thomas@5#.
Very good agreement is obtained with the CCC method@10#
and with the FOMBT@24#. Agreement with the DWBA@25#,
however is, not as good as the CCC and FOMBT. Extending
these measurements to 41P, we find excellent agreement
with the CCC and FOMBT. We also find reasonable experi-

FIG. 9. Same as Fig. 8, but for the 11S→4 1P transition at~a!
40-eV and~b! 80-eV impact energies. Legend:d, present work.
Theory: ...., FOMBT@24#; —, CCC @10#.

FIG. 10. Cascade contributions to the coincidence spectra at
E0540 eV. ~a! 3 1S contribution as a fraction of 31P. ~b! 3 1D
contribution as a fraction of 31P. ~c! Summed cascade contribu-
tions as a fraction of the 41P. Legend:d, present work. theory: ....,
FOMBT @9,24#; —, CCC @10#.
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mental evidence to indicate that the 31P and 41P n inde-
pendence suggested by Csanak and Cartwright@11# is appli-
cable atE0540 and 80 eV forue.10°. However, for the
2 1P state, then-independence model is applicable atE0580
eV.
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