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Abstract. A novel electron scattering apparatus for high resolution studies of angle-differential elastic and
inelastic electron scattering from atoms and molecules in the gas phase is described and its performance
characterized. It combines a laser photoelectron source, a triply differentially pumped collimated supersonic
beam target (half angle 0.015 rad, background to beam density ratio < 0.01), and several electron mul-
tipliers for simultaneous detection of elastically scattered electrons and metastable atoms (or molecules)
due to inelastic scattering. In detailed test measurements of the yield for the production of metastable
He∗(23S1) atoms around its threshold, the dependence of the overall energy width on various experimental
parameters has been investigated. So far a resolution down to 7 meV (FWHM) has been obtained. Un-
der such conditions we have investigated the profile of the He−(1s 2s2 2S1/2) resonance at the scattering
angles 22◦, 45◦, and 90◦. From a consistent fit of the measured profiles by resonant scattering theory we
determine a new value for the resonance energy (Er = 19.365(1) eV) and an accurate resonance width
(Γ = 11.2(5) meV). These results are consistent with the previously recommended values.

PACS. 39.10.+j Atomic and molecular beam sources and techniques – 41.75.Fr Electron and positron
beams – 34.80.Bm Elastic scattering of electrons by atoms and molecules – 34.80.Dp Atomic excitation
and ionization by electron impact

1 Introduction

Collisions of low-energy electrons with atoms, molecules,
and ions are important elementary processes in technical
and natural plasmas including gaseous discharges, flames,
laser plasmas, high-current switches, arcs and stellar at-
mospheres. These processes have been investigated for
about 100 years, but most notably since the 1960s with
the advent of improved vacuum and detector technology
and following the discovery of narrow resonances in elec-
tron scattering from atoms and molecules [1–8]. Using
conventional equipment for electron-energy selection (e.g.
spherical or cylindrical electrostatic condensors), typical
energy widths in low-energy electron scattering experi-
ments involving gaseous targets have been in the range
20–60 meV full width half maximum (FWHM). This res-
olution is often sufficient to resolve electronic and vibra-
tional levels, but it averages over rotational structure.
In a few cases, energy widths around 10 meV (FWHM)

a e-mail: hotop@physik.uni-kl.de
b Permanent address: Department of Physics and Astron-

omy, Drake University, Des Moines, IA 50311, USA.

have been obtained [9–13]. With specially designed, opti-
mized condensors as monochromators [14], energy widths
down to 1 meV have been achieved in electron scatter-
ing from adsorbates at surfaces under ultrahigh vacuum
conditions [15], but to date such narrow widths have not
been demonstrated in scattering from gaseous targets with
conventional electron sources.

As a promising alternative to reach very high reso-
lution, near-threshold photoionization of atoms has been
exploited as a source for monoenergetic electrons. In a pi-
oneering experiment, Gallagher and coworkers photoion-
ized metastable Ba∗(1D2) atoms within the cavity of a
cw He–Cd laser at 325 nm, thus providing photoelectrons
with a kinetic energy of 17 meV [16–18]. About 10% of
these electrons were extracted by a weak electric field and
formed into a beam. Subsequently the electrons interacted
with atoms and molecules of a singly differentially pumped
supersonic target beam in a field-free reaction chamber.
At electron beam currents up to 10 pA, elastic scattering
from He and Ar atoms as well as from N2 molecules was
reported [17,18]. Effective linewidths of 5–6 meV were ob-
served for the narrow Feshbach resonances in Ar at 11.1 eV
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and N2 at 11.48 eV [17,18], for which the estimated nat-
ural widths are about 3 meV [5,19] and 0.6 meV [20],
respectively. Arguments were presented that the energy
width of the electron source was ≤ 2 meV [17,18]. A
non-optimal aspect of this landmark experiment was the
rather large angular width of the supersonic beam (about
0.15 rad) and, more importantly, the substantial fraction
of thermal background density of the scattering gas in the
scattering volume due to insufficient pumping. For helium,
the ratio of supersonic beam density to thermal back-
ground density in the scattering volume as viewed by the
detectors was measured to be about 3 [18]. The presence
of the target as a mixture of beam and diffuse thermal gas
was accounted for in the analysis of resonances by using
superpositions of two contributions with different effective
widths [18].

Chutjian and coworkers [21–23] used monochromatized
VUV light from a discharge continuum lamp to produce
photoelectrons with variable energy at photon bandwidths
of typically 6–8 meV and thus studied electron attachment
spectra for a broad range of molecules over the energy
range 0–160 meV. Field and coworkers used monochrom-
atized synchrotron radiation, first at Daresbury as well as
Orsay [24–26] and later at Aarhus [27,28], to photoion-
ize Ar atoms at the Ar(11s′, J = 1) resonance, and thus
produced photoelectrons of about 4 meV energy with en-
ergy widths around 4 meV [26] (more recently down to
1 meV [27]) at currents around 1 pA. Apart from some
initial studies of elastic and inelastic electron scattering
from molecules in a supersonic beam [25,26] at scattering
angles around 90◦, they concentrated on the measurement
of total and backward scattering cross-sections from a sub-
stantial number of molecules present in a gas cell. In view
of the absence of sharp structure in the reported experi-
ments (except for their study of O2 [29]) it is difficult to
infer the actual energy width in these experiments which
is limited by the Doppler effect.

Recently, laser photoionization of laser-excited Ar∗(4p
3D3) [30–33] as well as Na∗(3p) [34] and K∗(4p) [35–37]
atoms has been exploited for laser photoelectron attach-
ment (LPA) experiments at current levels between 1 and
200 pA. Ionizing with a single-mode laser and thus pro-
ducing currents around 0.03 pA, Schramm et al. [32] have
demonstrated energy widths as low as 20 µeV at collision
energies down 20 µeV. At currents above 10 pA, the ef-
fects of photoion space charge are expected to increasingly
influence the achievable resolution [38].

With the aim to investigate low-energy electron scat-
tering processes involving gaseous targets at energy widths
down to 1 meV resolution, we have constructed a new ap-
paratus which is based on the experience in previous work
and combines the following aspects:

(a) production of a collimated electron beam with cur-
rents up to 100 pA and energy widths of a few meV,
using a laser photoelectron source;

(b) a well-collimated and dense supersonic beam target,
directed perpendicularly to the electron beam, to re-
duce Doppler broadening and background scattering
to negligible levels;

(c) parallel detection of (elastically) scattered electrons
at several angles;

(d) simultaneous detection of long-lived excited atoms
(e.g. metastable He∗ atoms), produced by inelastic
electron scattering, allowing for a precise calibration
of the electron energy scale by determining the exci-
tation threshold.

In Section 2 we describe the new apparatus in some
detail. Following a brief summary of the theoretical
description of the investigated processes (Sect. 3), we
demonstrate the present performance of the new setup, as
characterized by measurements involving elastic and in-
elastic scattering from helium atoms (Sects. 4.1 and 4.2).
Measuring jointly the cross-section for elastic scattering
at the three angles 22◦, 45◦, and 90◦ over the range
19.26–19.46 eV and the yield for metastable He∗(23S1)
atoms around threshold at energy widths of 7–8 meV, we
have determined accurate values for the resonance width Γ
and the resonance energy Er of the He−(1s 2s2 2S1/2)
resonance at 19.365 eV (Sect. 4.3). We conclude with a
summary and a brief discussion of future perspectives
(Sect. 5).

2 Experimental apparatus

2.1 Vacuum system, target beam, and potassium
atom beam

A vertical cut through the apparatus is shown in Figure 1.
It consists of five separately pumped chambers. The noz-
zle chamber NC, the intermediate chamber IC, and the
dump chamber DC serve to create an intense, well col-
limated Campargue-type [39] supersonic beam target of
atoms or molecules in the reaction volume, located in
the main chamber MC. This setup and its performance
have been described before in detail [40]. In the present
work, a sonic nozzle (diameter 0.2 mm) in conjunction
with a conical skimmer (Beam Dynamics, Mod. 31.8, di-
ameter 0.7 mm, Fig. 8a in [40]) between NC and IC and
a conical skimmer (diameter 1.93 mm) between IC and
MC have been used. In the target plane, located about
160 mm above the nozzle orifice, the collimated beam has
a diameter of 4.3 mm. For helium, the gas of interest for
the measurements addressed in this paper, target densi-
ties were about 4 × 1012 cm−3 at stagnation pressures of
p0 = 5.5 bar (nozzle temperature T0 = 300 K); the quoted
density is the average of the values estimated from in situ
electron impact ionization and from the pressure rise in
DC [40]. Under these conditions the background helium
density (due to backstreaming from DC, intra-beam scat-
tering and scattering from the two skimmers) is at least
100 times lower. The base pressure in MC (target beam
off) amounted to about 1 × 10−7 mbar.

The oven chamber OC actually consists of two sub-
chambers which are evacuated jointly by one pump. For
maintenance purposes involving the potassium oven, this
chamber can be separated from MC by a slide valve. Be-
low this valve, a combination of two aluminum tubes and
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Fig. 1. Experimental setup (vertical cut). NC: nozzle cham-
ber, IC: intermediate chamber, MC: main chamber, DC: dump
chamber, OC: oven chamber, PC: photoionization chamber,
RC: reaction chamber.

a PTFE insulated plate (the latter being fixed to the
photoionization chamber PC) provide an essentially gas-
tight connection between OC and PC, thus preventing the
potassium vapour from spreading in MC. After passing
through PC, the potassium atoms are dumped into an ex-
tension tube of MC. The potassium beam is generated in
a two-stage oven, operated in the effusive regime. Typi-
cal temperatures are TR = 532 K for the reservoir and
TN = 597 K for the nozzle (diameter DN = 1 mm). The
beam is collimated by a conical, heated skimmer (hole di-
ameter 1.5 mm, temperature TS = 593 K, distance from
nozzle about 15 mm). Under these conditions the potas-
sium density in the photoionization region (distance from
nozzle 530 mm) amounts to about 1.7 × 108 cm−3.

2.2 Laser photoelectron source, electron beam
formation and product detection

The photoelectron production is based on resonant two-
step photoionization of potassium atoms via the K∗(4p3/2)
level [36,37], see Figure 2. Both hyperfine components

Fig. 2. Excitation scheme for photoelectron production (see
text).

of ground state 39K(4s, F = 1, 2) atoms in the colli-
mated potassium beam (size 1 × 3 mm) are transversely
excited to the 39K∗(4p3/2, F = 2, 3) states by the first
sidebands of the electro-optically modulated (frequency
220.35 MHz) output of a single-mode cw titanium: sap-
phire laser (λ1 = 766.7 nm); the latter is long-term stabi-
lized to the atomic transition by crossover saturation spec-
troscopy in an auxiliary potassium vapour cell [41]. Part of
the excited state population is photoionized by interaction
with the intracavity field of a multimode tunable dye laser
(energy width 0.15 meV, power up to 7 W), operated in
the blue spectral region (dye Stilbene 3). The photoion-
ization scheme in Figure 2 has previously been applied
to electron attachment experiments involving molecules
and molecular clusters at meV energy width [35,36,42]; in
these former studies, electrons were generated with vari-
able energies (0–200 meV) by continuous tuning of the
wavelength of the ionization laser. In the present work
electrons are created near threshold (λ2 = 455 nm, energy
below 1 meV). Using low-loss fused silica windows and
cylindrical lenses (V-type AR coating at 455 nm, mea-
sured transmission at 767 nm about 95%) within the cav-
ity, the ionization laser is focussed to a ribbon of about
1 mm height and 0.1 mm width in the electron extraction
direction. The infrared laser is superimposed collinearly
with the ionization laser, entering through the terminat-
ing mirror (transmission 0.94(1)% at 455 nm and about
98% at 767 nm) of the latter. The infrared laser is thus
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Fig. 3. Results of Monte Carlo simulations for the standard
deviation σ(U) of the potential distribution f(U) in the elec-
tron source volume due to the photoion space charge and the
superimposed compensation field Fz along the potassium beam
for different values of the photoelectron current Iel and of the
compensation field Fz.

also brought to a cylindrical focus with extensions some-
what wider than those of the ionization laser. Test experi-
ments showed that the photoelectron current was indepen-
dent of the infrared laser power at levels above 10 mW; in
the scattering experiments, the power of the infrared laser
amounted to typically 80 mW. The photoelectron current
was found to vary linearly with intracavity power (about
18 pA per Watt of standing wave power of the blue laser).
In order to characterize the influence of the photoion-
induced space charge on the effective energy width of the
electron beam, Monte Carlo simulations were carried out
in a way described previously [38]. In Figure 3 we present
the current-dependent standard deviations of the poten-
tial distribution in the electron source volume which are
due to the effects of photoion space charge and additional
homogeneous electric fields Fz applied along the direction
of the potassium beam. As seen from the results in Fig-
ure 3, this field Fz allows to minimize the potential vari-
ation in the electron source volume which is associated
with the rise of the photoion space charge potential along
the vertical z-direction. This possibility has been exploited
by our group in electron attachment studies involving the
potassium photoelectron source [38]. Figure 4 shows the
potential distributions in the photoelectron source volume
which are obtained for currents in the range 10–200 pA
when an optimized field Fz has been applied. Under these
conditions we expect that at electron currents up to 50 pA
energy widths below 2 meV should be attainable.

The photoelectrons are accelerated by a weak elec-
tric field (typically about 10 V/m) and brought to the
energy of interest by an electron optical system (see
Fig. 5) which focusses the electron beam onto the per-
pendicular target beam. Geometric and electron op-
tical considerations (including the divergence of the
target beam, half angle 0.015 rad) indicate that the devi-
ations from perpendicular impact are at most ±0.03 rad.
Up to five electron detectors, equipped with a retard-

Fig. 4. Results of Monte Carlo simulations for the potential
distributions f(U) in the electron source volume with opti-
mized compensation field Fz.

ing electric field and a channel electron multiplier (Sjuts
Mod. KBL 10 RS, diameter of entrance cone 10 mm),
serve to measure simultaneously the intensity of elasti-
cally scattered electrons at several angles of choice, as
illustrated in Figure 6. A rectangular entrance aperture
(4 mm wide, 6 mm high, located 32.5 mm from the scat-
tering center) limits the angular acceptance range of the
electron detectors to ±3.5◦. It is followed by a circular
lens element (diameter 10.6 mm, length 4 mm) and a
pair of grids (diameter 10.6 mm) which form a retarding
field, rejecting inelastically scattered electrons. An addi-
tional electron multiplier (Sjuts, Mod. KBL 20 RS, di-
ameter of entrance cone 20 mm), mounted at the kine-
matically adequate position, samples long-lived excited
(“metastable”) atoms due to inelastic electron scattering
(see Fig. 5). Ground state helium atoms (flow velocity
u = [5kBT0/(2mHe)]1/2 = 1 775 m/s at T0 = 300 K),
which are excited to the metastable He∗(23S1) level by a
perpendicular monoenergetic electron beam at threshold
(transition energy ET = 19.8196 eV, taken from [43] with
the conversion 1.239 842 44(37)×10−4 eV/cm−1 [44]), are
deflected by a (lab) angle of 11.5◦. At an electron energy of
1.2 eV above threshold, for example, the deflection angles
are spread over the range 9.1−14.7◦, which essentially cor-
responds to the maximum acceptance angle of the channel
electron multiplier.

The detection of metastable He∗(23S1) atoms serves an
important purpose: based on the well-known threshold en-
ergy and the accurate theoretical cross-section for the pro-
duction of He∗(23S1) atoms [45,46], one can precisely de-
termine – by comparing the measured yield for metastable
atom production with that obtained by convolution of the
theoretical cross-section with an appropriate resolution
function – both the absolute electron energy scale and
the effective energy width of the scattering experiment.
Note that small differences exist between the laboratory
electron energy E = mev2

e/2 and the relative collision en-
ergy Erel in the center-of-mass frame which is given by
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Fig. 5. Photoelectron source, electron optics, reaction chamber (RC) and Faraday cup, as seen in a vertical cut (PC: photoion-
ization chamber, SV: electron source volume). The two laser beams intersect the potassium atom beam perpendicularly to the
drawing plane (i.e. along the y-direction).

Fig. 6. View of experimental setup in the (horizontal) reaction
plane.

(ET = mTv2
T/2 = kinetic energy of target particles)

Erel = (1/2)[memT/(me + mT)](ve − vT)2. (1)

This is very well approximated by

Erel ≈ E − (me/mT)E − 2(meEET/mT)1/2 cos θ. (2)

The second term in (2) is the recoil energy ER transferred
to the target by the incoming electron while the third
term represents the energy shift ED due to the first-order
Doppler effect. Near the threshold for He∗(23S1) excita-
tion (E ≈ 19.82 eV) the recoil energy amounts to ER =
2.72 meV and the Doppler shift to ED = 26.57 meV×cos θ,
i.e. for deviations of θ from 90◦ below 0.03 rad (about
1.7◦) |ED| ≤ 0.797 meV. When comparing the energy for
the threshold of He∗(23S1) excitation with that for the
position of the He−(2S1/2) resonance (E ≈ 19.365 eV,

Fig. 7. Threshold region of the theoretical cross-section for
electron impact excitation of He∗(23S1) atoms (open circles,
interpolated by full curve) and broadening induced by Gaus-
sian resolution functions of widths (FWHM) between 1 meV
and 15 meV.

ER = 2.65 meV, |ED| ≤ 0.779 meV), the energy separa-
tions between the two respective electron energies in the
laboratory and the center-of-mass frame differ mainly by
the non-identical recoil energies.

In Figure 7 we present the theoretical cross-section for
the production of metastable He∗(23S1) atoms over the
energy range 19.80−19.85 eV (full curve); near thresh-
old it is well described by the analytical function f(E) =
f0(E − ET)0.391 with f0 = 4.3786 × 10−22 m2 and E
in eV. We note that an exponent of 0.5 is expected ac-
cording to Wigner’s law [47] (close to threshold the out-
going inelastically scattered electron should be predomi-
nantly s-wave), but in view of the high polarizability of
He∗(23S1) atoms (315.63a3

0 [48]) the Wigner law is ex-
pected to hold over only a very narrow energy range above
threshold (see, e.g., [49]). In Figure 7 we also show effective
cross-sections obtained by convolution of the theoretical
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cross-section with a Gaussian resolution function of the
indicated widths (FWHM between 1 and 15 meV).

2.3 Voltage sources and data acquisition

Since the electron energy width in the experiment is di-
rectly influenced by the stability and noise figures of the
voltage sources used to supply the potentials to the elec-
tron optical components (especially of the source provid-
ing the voltage between the photoionization and the re-
action chamber), highly stable, low-noise computerized
voltage sources had to be developed. Eight serial input,
16-bit high precision digital-to-analog converters (Burr
Brown DAC 714; noise, differential and integral nonlin-
earity figures below 1 least-significant-bit) were combined,
together with signal conditioning and interface circuitry,
into voltage supply systems which can be directly attached
to d-sub 9 pin vacuum feedthroughs mounted on DN40-CF
vacuum flanges, eliminating the need for shielded cables
to transport the potentials from the source to the elec-
trically and magnetically shielded vacuum system. Five
of these systems (providing a total of 40 independently
controllable voltages) are connected to a host computer
(Pentium III, 800 MHz, running Linux 2.2), using an op-
tically coupled two-wire serial bus running a multi-master
communication protocol with error-detection at a bit-rate
of 622 kbits/s. Additional data-acquisition hardware such
as a fast six-channel counter is attached to the same bus
system. The host computer is running a graphically pro-
grammable, versatile data acquisition system which con-
trols the measurement and drives the data acquisition.
The complete set of parameters can be easily stored and
restored, and semi-automatic optimization procedures can
readily be implemented using this system. Ground-loops
and shield-loops have been carefully avoided in the design
of the system, yielding overall noise and ripple figures be-
low 1 mV.

2.4 Shielding of electric and magnetic fields

Electric stray fields in the photoionization and scatter-
ing regions are to be carefully avoided, since the resulting
potential drops over the interaction regions are directly
translated to a corresponding broadening of the effective
electron energy width. Common design rules have been
followed to minimize such fields: no line-of-sight exists
from the critical regions to any insulating materials such
as standoffs, spacers and insulated wires, and shielding
extension tubes are attached to all outer orifices of the
electron optical system. The vacuum enclosure effectively
shields the experiment from external electric fields. An
additional double magnetic shielding made of mu metal
(1.5 mm thick) reduces the residual magnetic field com-
ponents in the chamber to values below 1 mG in the hori-
zontal plane and well below 6 mG in the vertical direction.
It may be noted that in the present setup static magnetic
fields have no influence on the effective electron energy
width. In situ measurements of ac electric fields (ripple)
on the electrodes are difficult to perform at the (sub)meV

level. As discussed in Section 2.3 the individual potentials
provided to the cables which connect to the electrodes
have measured ripple below 1 meV. In order to rule out
significant 50 Hz noise on the voltage which defines the
electron collision energy (apart from contact and surface
potential differences) special test measurements were car-
ried out (see Sect. 4.1).

3 Theoretical description

The numerical calculations performed for the present
work are based upon the R-matrix with pseudo-states
(RMPS) approach described by Bartschat et al. [45] and
Bartschat [46], to be referred to as RMPS1 and RMPS2
below. Briefly, these are close-coupling models including
the lowest five (RMPS1) or eleven (RMPS2) physical tar-
get states of He together with 36 (RMPS1) or 35 (RMPS2)
pseudo-states to represent the effect of the infinite num-
ber of discrete states as well as the ionization continuum
on the results for transitions between the physical states.
Due to the short range of the pseudo-states (essentially
covering the radial region around the physical states of
interest), these models are expected to be very accurate
for the comparisons of interest in the current experimental
investigation.

Besides accounting for the coupling between the many
physical and pseudo-states, a major strength of the above
model is the very accurate (compared to other coupled-
channel collision calculations) structure description of the
discrete target states. Note that the need for treating both
the N -electron target and the (N + 1)-electron collision
problem simultaneously makes it practically impossible
to achieve the same accuracy as in structure-only cal-
culations. Hence, it is important to discuss possible ef-
fects caused by the remaining deficiencies in the structure
model. The biggest such effect is usually in the ground-
state energy, which is not low enough even with the multi-
configuration expansion used for the present work. On the
other hand, the (n = 2) excited states are very well de-
scribed (see Tab. 1 of [45]).

In the RMPS1 calculation [45], it was therefore decided
to use the theoretical threshold energies instead of mak-
ing adjustments to reflect the experimental energy split-
tings. The major advantage of not adjusting the target
thresholds is the fact that this keeps the maximum con-
sistency between the N -electron and the (N + 1)-electron
descriptions. However, resonance positions, such as that
of the (1s 2s2)2S1/2 resonance, should then be given in
terms of their binding energy with respect to the cor-
responding target threshold (here 23S1) rather than in
terms of an absolute energy with respect to the ground
state. To compare directly with experiment, the energy
scale can then effectively be adjusted afterwards by count-
ing backwards from the experimental 23S1 threshold. In
the RMPS1 calculation, this adjustment is 104.5 meV by
which the ground-state energy effectively has to be moved
down. On the experimental scale, the position and width
of the (1s 2s2)2S1/2 resonance in the above model are then
Er = 19.366 eV and Γ = 10.7 meV, respectively [45].
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Table 1. Phases δL and derivatives dδL/dE of phase function for L = 0, 1, 2 partial waves in potential scattering from helium
atoms at the energy of the He−(1s 2s2 2S1/2) resonance (Er = 19.365 eV).

Reference δ0 [rad] dδ0/dE [rad/eV] δ1 [rad] dδ1/dE [rad/eV] δ2 [rad] dδ2/dE [rad/eV]

Experiment

Andrick, Bitsch [51] 1.81(9)a 0.325(40)a

Williams [52] 1.794(25)b −0.016 0.312(4)b +0.004 0.058b +0.004

Kennerly et al. [18] 1.813(17) 0.307(14)

Dubé et al. [55] 1.778 0.317 0.076

Theory

Nesbet [53] 1.796c 0.319c 0.059c

Bartschat et al. [45] 1.7995b −0.0123 0.3162 +0.0094 0.0586 +0.0024

a Values taken from Table I in [55]. b Interpolated values. c Extrapolated values, taken from Table I in [55].

The RMPS2 model [46], on the other hand, is some-
what more suitable for direct comparison with experiment
for the excitation processes, since the theoretical thresh-
olds were adjusted to coincide with the experimental val-
ues. Overall, the agreement between the predictions from
RMPS1 and RMPS2 is extremely good, with no more
than a 0.5% difference in the non-resonant background.
For very sharp structures, within a few meV of an exci-
tation threshold, there may be bigger differences in the
predictions, but we have checked that the qualitative be-
haviour of all curves shown here is the same. Finally, for
the comparisons shown in the present paper, we performed
calculations in steps of 0.5 meV for the energy range of
interest. Partial-wave contributions up to L = 6 were suffi-
cient to achieve convergence for all parameters of interest.

Before the present RMPS calculations became avail-
able, we used the following approach to model the exper-
imental data. The theoretical expression describing the
differential cross-section for elastic scattering dσ/dΩ =
|f(θ)|2 involves the usual partial wave sum for the scat-
tering amplitude f(θ) [50]

f(θ) = 1/(2ik)
∞∑

L=0

(2L + 1)[exp(2iδL) − 1]PL(cos θ). (3)

Here, k is the momentum of the electron, δL the phase
shift for elastic scattering, and PL(cos θ) the Legendre
polynomial. For elastic electron scattering from helium
atoms at energies around the He−(1s 2s2 2S1/2) resonance
(19.365 eV), partial waves higher than Lc = 2 do not
penetrate to the inner part of the atom [51–53] and
so only feel the long-range part of the electron-atom
interaction which is the dipole polarization poten-
tial Vpol = −α(2r4)−1 (α = atomic polarizability,
α(He) = 1.384a3

0, a0 = Bohr radius [48]). As shown
by Thompson [54] the contribution to the scattering
amplitude due to partial waves L > Lc can to a good
approximation be represented by the expression

fB(L > Lc) = (παk/a0)
[
(1/3) − (1/2) sin(θ/2)

−
Lc∑

n=1

[(2n + 3)(2n − 1)]−1Pn(cos θ)
]
. (4)

The resonance in the L = 0 channel is taken into account
by using the s-wave phase shift in the following form:

δL=0 = δbg + δr(E) = δbg − arccot[(E − Er)/(Γ/2)] (5)

where δbg represents the background (i.e. non-resonant)
part of the L = 0 phase shift which is nearly indepen-
dent of energy over the range of the narrow resonance (en-
ergy width Γ , resonance energy Er) and δr(E) is the res-
onant part of the phase shift which rises from 0 to π when
the electron energy increases from lower to higher ener-
gies through the resonance energy. Using equations (3–5)
and the energy independent (background) phase shifts for
L = 0, 1, 2 listed in Table 1, differential cross-sections have
been calculated which were fitted to the measured reso-
nance profiles with Γ and Er as adjustable parameters.

4 Results and discussion

4.1 Test measurements

The apparatus has been characterized in series of de-
tailed test measurements involving elastic and inelastic
scattering from helium atoms in order to study the in-
fluence of the experimental parameters (i.e. the electron
current and the potentials on the electrodes of the pho-
toionization and the scattering chamber) on the effective
energy width in the scattering experiments. Under op-
timum conditions energy widths ∆E (FWHM) down to
7 meV have been achieved so far, as determined from fits
to the He∗(23S1) excitation function near threshold. An
example of such a threshold scan and the corresponding
fit (∆E = 7.8(5) meV) is shown in Figure 8. In agree-
ment with expectations, based on the 100 µm width of
the ionization laser in the electron extraction direction
and with measurements at electric extraction fields Fex

over the range 10–180 V/m, the corresponding potential
gradient across the ionization volume leads to a broaden-
ing of ∆Eex/Fex = 0.1 meV/(V/m), i.e. to an expected
width of 1 meV at the typically applied extraction field of
10 V/m. Application of a suitable potential difference to



24 The European Physical Journal D

Fig. 8. Threshold measurement of the yield for electron impact
excitation of He∗(23S1) atoms (open circles). The full curve is
a fit to the experimental data, resulting from a convolution of
the theoretical cross-section (broken curve) with a Gaussian
resolution function of 7.8(5) meV FWHM.

the electrodes along the potassium beam served to min-
imize the influence of the potential gradient in the ion-
ization volume arising in this direction, as discussed in
Section 2.2. Along the direction of the lasers, a potential
difference close to zero was found to be optimal. Separate
potentials could be applied to the top and bottom plates
of the cylindrical reaction chamber and to the cylinder it-
self; it turned out that optimal conditions were obtained
by application of a small voltage (about 0.05 V) along
the direction of the target beam. As a modified version of
the reaction chamber, implemented after the data of this
paper were taken, we now use a cylinder with four seg-
ments to which separate potentials can be applied, thus
allowing for compensation of residual dc electric fields in
the two orthogonal horizontal directions including that of
the electron beam. This change did not result in a further
reduction of the effective energy width.

To test for possible energy broadening caused by
ground loops at the power line frequency of 50 Hz, the
width and position of the He∗(23S1) threshold have been
measured in a phase-sensitive way using a phase-detector
on three different phases of the line voltage and a gated
counter to measure the signal in the positive and nega-
tive portion of the power line sine-wave. No measurable
differences in energy position and broadening have been
found, ruling out 50 Hz ground loops as a possible cause
for energy broadening above 1 meV.

4.2 Excitation function for the production
of metastable He∗(23S1, 21S0) atoms

In Figure 9 we compare the yield for the production of
metastable He∗(23S1, 21S0) atoms, measured over the en-
ergy range 19.7–21.5 eV (open circles), with an experi-
mental excitation function obtained by the Manchester
group [56,57] (dotted curve) at an energy width slightly
below 20 meV and with the theoretical prediction (full

Fig. 9. Excitation function for the production of metastable
He∗(23S1, 21S0) atoms in the energy range 19.8–21.5 eV. Full
curve: RMPS theory (assuming relative detection efficiencies
for 23S1 and 21S0 atoms of 1 and 0.8, respectively); dotted
curve: experiment of the Manchester group [56,57]; open cir-
cles: present result (channel width 3.0 meV). Dashed curves:
absolute partial theoretical excitation cross-sections.

curve) [46]. The experimental and theoretical results are
normalized to the same value at E = 20.25 eV. Note that
apart from the two metastable levels, short-lived states
are formed at energies above 20.9 eV (23P) and 21.2 eV
(21P). The 23PJ states decay to the 23S1 level, thus their
contribution was added to the 23S cross-section. The 21P
level predominantly decays to the ground state (only 1
in 1 000 decays leads to the 21S0 level [58]), and its con-
tribution to the metastable flux is negligible in the en-
ergy range of interest. Note that the fraction of 58.4 nm
photons due to the 21P → 11S0 optical decay which hit
the metastable atom detector is small because of angular
discrimination. In constructing the theoretical curve for
comparison with the experimental data one has to choose
appropriate weighting factors for the two metastable levels
according to their detection efficiencies (see also [56]). To
first order, one may assume that the probability for elec-
tron ejection at the gas-covered surface of the metastable
atom detector is identical for He∗(23S1) and He∗(21S0)
atoms, but differences of up to about 30% cannot be ruled
out (see [56,59] and references herein). In constructing the
theoretical excitation functions in Figures 9 and 10, we
use relative detection efficiencies for 23S1 and 21S0 atoms
of 1 and 0.8, respectively. Close agreement between the
theoretical He∗(23S1) yield and that measured by Brunt
et al. [56,57] is observed while the shape obtained in the
present work is slightly different, but still in good agree-
ment with the other results, especially over the range
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Fig. 10. Shape of the excitation function for the produc-
tion of metastable He∗(23S1, 21S0) atoms in the energy range
20.55–20.70 eV. Full curve: RMPS theory (assuming relative
detection efficiencies for 23S1 and 21S0 atoms of 1 and 0.8,
respectively); open circles: present experiment (channel width
3 meV), open triangles: present experiment (channel width
0.75 meV), full squares: experiment of Brunt et al. [56].

19.8–20.4 eV. We note that at energies of about 1 eV and
more above the 23S1 threshold our data may be affected
by a decrease in the overall detection efficiency for 23S1

atoms due to their rising angular spread associated with
the momentum transfer from the exciting electron; it is
also possible that the detection efficiency of the channel
electron multiplier is not homogeneous over the full range
of the entrance cone. These effects may also be present
in the data of Brunt et al. (see discussion in [56]), but
possibly to a lesser extent because these authors used an
effusive, uncollimated atomic beam.

In the region of the He∗(21S0) threshold, our data ex-
hibit the most prominent minimum and the strongest rise
in the excitation function. The slope of this rise appears
to be limited by the experimental resolution. We note that
in view of the high polarizability of the He∗(21S0) state
(801.1a3

0 as compared to 315.63a3
0 for the 23S1 level [48])

it is not surprising – as seen in the theoretically calcu-
lated threshold rises for these two levels – that the 21S0

cross-section is distinctly steeper at threshold than that
for the 23S1 level (see Fig. 9). In Figure 10, we compare
the unconvoluted theoretical excitation cross-section (full
line) with three different sets of experimental results over
the narrow energy range 20.55–20.70 eV: the open cir-
cles are taken from our data in Figure 9 (channel width
3.0 meV), the open triangles were obtained in a differ-
ent run over limited energy ranges around the 23S1 and
the 21S0 thresholds (channel width 0.75 meV), and the
full squares are data of the Manchester group, obtained
around the 21S0 onset with an energy width of about
13 meV (see Fig. 4 in [56]) and here normalized to our
data at the midpoint of the rise at the 21S0 threshold.
Due to improved resolution (width around 8.5 meV), our
data exhibit – apart from the deep minimum and the steep
rise at the 21S0 threshold – a sharp maximum just above
the 21S0 onset, a feature only weakly present in the the-
oretical results and in the Manchester data. Note that
a different choice for the relative efficiencies in detect-

ing the 23S1 and the 21S0 metastable atoms would not
change the theoretical curve much; in particular, it would
not produce a sharp maximum in the excitation function.
We attribute the narrow peak in our data to the pres-
ence of a very sharp threshold peak very close to the 21S0

onset. The existence of such a peak, associated with a
virtual resonance state of 2S1/2 symmetry, has been sug-
gested for some time [60–62]. Perhaps the clearest previ-
ous experimental evidence for a sharp threshold peak in
the 21S0 cross-section was presented by Allan [63] who
reported angle-differential (20−120◦) excitation functions
for all the n = 2 states in He for electron impact ener-
gies from threshold to about 24 eV at an energy width of
16–20 meV. By measurements over the full angular range
from 0◦ to 180◦ [63,64], Allan also demonstrated that the
excitation function for 23S1 atoms does not show a clear
peak just above the 21S0 onset.

4.3 The He−(1s 2s2 2S1/2) resonance revisited

Measuring jointly the cross-section for elastic scattering
at the three angles 22◦, 45◦, and 90◦ over the range
19.26–19.46 eV (Fig. 11) and the yield for metastable
He∗(23S1) atoms around its threshold (Fig. 8) at energy
widths around 7.5 meV, we have determined accurate val-
ues for the resonance width Γ and the resonance energy Er

of the He−(1s 2s2 2S1/2) resonance at 19.365 eV by fitting
theoretical cross-sections (see Sect. 3) with adjustable val-
ues for Γ , Er and the FWHM of the experimental energy
resolution function (assumed to be Gaussian) to the exper-
imental data. Note that the electron detection efficiency at
the different angles was found to be non-equal which we
attribute to non-identical responses of the channel elec-
tron multipliers as well as to somewhat different action
of the retarding field preceding each multiplier (needed
to reject electrons with improper energy which are due,
e.g., to scattering from surfaces). As can be seen by com-
parison of the measured counting rate outside the reso-
nance (left ordinate scale in Fig. 11) with the respective
size of the calculated differential cross-section, the rela-
tive detection efficiencies at θ = 22◦, 45◦, and 90◦ were
0.65, 1.0, and 0.55. From the fits to the experimental
spectra, we obtained the values Γ = 11.2(5) meV and
Er = 19.365(1) eV consistently for the measurements at
the three angles, using the same Gaussian resolution func-
tion with FWHM = 7.4(5) meV which is in good agree-
ment with the energy width of 7.8(5) meV, obtained from
the fit to the threshold of He∗(23S1) excitation (see Fig. 8).
The dashed lines in the spectra of Figure 11 present the
differential cross-sections calculated with the RMPS the-
ory (Γ = 10.7 meV, Er = 19.366 eV) and convoluted with
the experimental resolution function (Gaussian, 7.4 meV
FWHM). Very good overall agreement with the exper-
imental data is observed which demonstrates – as also
observed in the comparison for He∗(23S1) excitation (see
Fig. 9) – the reliability of the RMPS method [45] when
applied to elastic and inelastic electron scattering from
helium atoms. Close comparison of the theoretical and ex-
perimental resonance shapes reveals that the theoretical
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Fig. 11. Resonance profiles for the He−(1s 2s2 2S1/2) reso-
nance, as observed at scattering angles of 22◦, 45◦ and 90◦. Full
circles: experimental data points (background subtracted); full
curves: fitted resonance profiles involving (consistently at the
three angles) a Gaussian resolution function with 7.4(5) meV
FWHM and a resonance width Γ = 11.2(5) meV; dashed
curves: results of RMPS theory, convoluted with a Gaussian
resolution function with FWHM of 7.4 meV; vertical dash-
dotted lines: resonance position Er = 19.365 eV.

width is a little lower than the experimental value as re-
flected by the numerical values. The error estimate, as-
signed to our experimental width, reflects in a conserva-
tive way the scatter of fitted widths when different sets
of scattering phases (see Tab. 1) and appropriate experi-
mental resolution functions were tried. As an example we
mention that the use of the rather high d-wave phase shift
obtained by Dubé et al. [55] systematically lowered the
fitted resonance width by about 0.3 meV.

For comparison with the present results, Table 2 lists
earlier determinations of the resonance position Er and
the resonance width Γ . Within the respective uncertain-
ties, our experimental and theoretical results for the res-
onance width are in very good agreement with the ex-
perimental value of Kennerly et al. [18] and with several
theoretical results [67,69,74–77]. A width close to 9 meV,
obtained in earlier experimental work including that of the
Manchester group [90,94], must be considered as too low.
The recent experimental value Γ = 10.3(3) meV, obtained
by Dubé et al. [55] from an analysis of the resonance line
shapes at several angles between 50◦ and 130◦ (energy
width between 30 and 50 meV), is also somewhat low.

Fig. 12. Summary of previous and present experimental (open
circles) and theoretical (full circles) results for the energy po-
sition Er and the width Γ of the He−(1s 2s2 2S1/2) resonance.
See Table 2 for references.

Our experimental result for the resonance position is
the most precise determination so far. The previously rec-
ommended value of 19.366(5) meV [5,94], determined rel-
ative to the onset for He∗(23S1) excitation (present as a
downward cusp in the elastic scattering intensity), is in
excellent agreement with our result. Figure 12 illustrates
the historical evolution of the experimental and theoret-
ical determinations of the width and the energy of the
He−(1s 2s2 2S1/2) resonance.

5 Conclusions

A new experimental setup has been presented and charac-
terized which combines a laser photoelectron source with
a dense supersonic beam target in order to study elastic
and inelastic electron scattering from atoms and molecules
in the gas phase at very high resolution. As a first demon-
stration we have revisited the He−(1s 2s2 2S1/2) reso-
nance at an effective experimental energy width around
7.5 meV. Based on an accurate calibration of the electron
energy scale by simultaneously measuring the onset for
the production of metastable He∗(23S1) atoms, the reso-
nance energy is determined with unprecedented precision
as Er = 19.365(1) eV. Our result for the resonance width
(Γ = 11.2(5) meV) is in excellent agreement with the
previous experimental benchmark value [18] and with the
result of the R-matrix with pseudo states (RMPS) calcu-
lation [45]. Efforts are being taken to further reduce the
experimental energy width and to study other narrow res-
onances in atoms and molecules.
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Table 2. Energy position Er and natural width Γ of the He−(1s 2s2 2S1/2) resonance.

Reference Er [eV] Γ [meV] Label (Fig. 12)

Theory

Burke et al. [60] 19.33 T1

Temkin et al. [65] 19.363 14.4 T2

19.386 13.9

Sinfailam and Nesbet [66] 19.4 15 T3

Ormonde and Golden [67] 19.38 11.5 T4

Wickmann and Heiss [68] 22 T5

Bain et al. [69] 19.398 12 T6

Berrington et al. [70] 15.3 T7

Barden et al. [71] 8.0 T8

Hata [72] 34 T9

Hata [73] 19.34(4) T10

Junker [74] 19.387 11.72 T11

Hazi [75] 19.40 11.5 T12

Foster et al. [76] 11.0 T13

Burke et al. [77] 11.72 T14

Berk et al. [78] 19.504 T15

Bylicki [79] 19.367 8.6 T16

Thomasz et al. [80] 19.357 14 T17

this work 19.366 10.7 T18

Experiment

Simpson and Fano [81] 10 E1

Ehrhardt et al. [83]a 12 E2

Gibson and Dolder [84] 8 E3

Golden and Zecca [85] 8(2) E4

Kisker [86] 19.33(2) E5

Sanche and Schulz [87] 19.34(2) E6

Preston et al. [88] 13(4) E7

Golden et al. [89] 13 E8

Cvejanovic et al. [90] 19.367(9) 9(1) E9

Cvejanovic and Read [91] 19.361(9) E10

Huetz [92] 19.369(10) E11

Roy et al. [93] 8 - 10 E12

Brunt et al. [56] 19.367(7) E13

Brunt et al. [94] 19.366(5) 9(1) E14

Kennerly et al. [18] 19.36(2) 11.0(5) E15

Buckman et al. [57] 19.367(5) E16

Dubé et al. [55] 10.3(3) E17

this work 19.365(1) 11.2(5) E18

a Resonance width quoted on page 186 of [83], replacing earlier estimate of 15–20 meV given by Andrick and Ehrhardt [82].
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