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Threshold photoelectron source for the study of low-energy electron scattering: Total cross section
for electron scattering from krypton in the energy range from 14 meV to 20 eV
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An experimental technique for the measurement of the total cross section for electron scattering from atoms
and molecules at high resolution is described. The total cross sections for electron scattering from Kr in the
energy range from 14 meV to 20 eV obtained with the technique are also reported. The present technique
employs a combination of the penetrating field technique and the threshold photoionization of rare-gas atoms
using synchrotron radiation as an electron source in order to produce a high-resolution electron beam at very low
energy. The characteristics of the electron sources were determined by measuring the ionizing photon energy
dependence of photoelectron yield. Absolute total cross sections for electron scattering are obtained by the
attenuation method. The measured absolute values of the total cross sections for electron scattering from Kr
agree with those obtained by other groups down to 175 meV, above which several experimental works have been
reported. Below 175 meV, the present results generally agree with theoretical cross sections down to 14 meV.
The resonant structures in the total cross sections due to Kr− (4p55s2 2P3/2) and the Kr− (4p55s2 2P1/2) Feshbach
resonances are also reported. The resolution of the present setup has been estimated from a fit of the measured
profile of the Kr− (4p55s2 2P3/2) resonance by the theoretical curve obtained from the resonant scattering theory.
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I. INTRODUCTION

The scattering of low-energy electrons by atoms and
molecules has been the subject of extensive experimental and
theoretical investigations. The cross-section data concerning
electron-atom or -molecule scattering are of great impor-
tance in understanding fundamental physics of the electron
collisions and applications such as electron-driven processes
in the Earth and planets’ phenomena, radiation chemistry,
gaseous discharges, plasmas, and so on. A variety of quantum
phenomena, such as the Ramsauer-Townsend effect [1,2] and
resonant behavior [3,4], were observed in the scattering of
low-energy electrons by atoms and molecules. Up to now, most
of the experimental studies on low-energy electron collision in
the gas phase have been performed with the technique using
a hot-filament electron source followed by an electrostatic
monochromator. The typical electron energy width is in the
range of 30–150 meV. In a very few cases, extremely high
resolution up to 7 meV has been achieved [5]. Another
technique using time-of-flight energy selection with pulsed
electron beams has been proposed [6,7]. In this method, the
resolution of the electron beam is energy dependent and can
be as high as 5 meV at low incident energies (<250 meV).

An alternative method for reaching even higher resolutions
is through near-threshold photoionization of atoms by making
use of a photoelectron source. Photoelectron sources for
electron-atom collision experiments have been used by a few
groups since the pioneering work of Gallagher and co-workers
utilizing photoelectrons produced from the photoionization of
a Ba atom by cw He-Cd laser [8,9]. They studied elastic elec-
tron scattering from several atoms at an overall resolution of
2 meV. Chutjian and co-workers employed monochromatized
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radiation from a Hopfield continuum light source to generate
photoelectrons of energies in the range of 1–200 meV and
studied electron attachment with molecules below 200 meV
with energy resolutions of 4–6 meV [10,11].

Hotop and co-workers developed the laser photoelectron
attachment (LPA) method and extended the energy range
down to the sub-meV region with extremely high energy
resolution [12,13]. Highly resolved attachment yield spectra
obtained for anion formation over the typical energy range
0.2-200 meV under sub-meV resolution were obtained by
the LPA method [14–16]. On the other hand, formation of
very-low-energy electron beams was not the issue in these
electron-attachment experiments. Recently, Hotop and co-
workers have applied their laser photoionization technique
to produce a high-resolution electron beam, energy width
typically from 4 to 11 meV, in the energy range of 10 to
20 eV for electron scattering experiments [17–21]. Elastic
and inelastic differential cross sections for electron scatter-
ing from rare-gas atoms and N2 have been obtained in
these studies.

Measurements of the total cross section for electron
scattering from various molecules at very low energies have
been carried out by Field and Ziesel with co-workers [22–26].
In their technique, the photoelectrons from the photoionization
of Ar with monochromatized synchrotron radiation (SR) tuned
at the autoionization resonance Ar∗∗ (4p5 2P1/2) 11s ′ just
above the ionization threshold with the photon bandwidth
of 1–4 meV are extracted by a weak constant electric field
applied across the photoionization region and formed into
a beam by a four-element lens system. Total cross sections
(including backward scattering cross sections) for electron
scattering from several molecular targets at very low energies
in the cold electron collisions regime, where the de Broglie
wavelength of an electron becomes much lager than the typical
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size of target, have been reported by this group [24–26].
Since only the group of Field et al. has realized a method
of obtaining the total cross sections for electron scattering
from molecules in the cold electron collision regime, most of
the existing total cross-section data below a few hundred meV
have been obtained by this group. However, in their recent
report on NH3, H2S, and OCS, they found that a number
of serious discrepancies exist for the total cross sections
among the data in the literature at impact energies below
a few eV [26].

One of the difficulties in the high-resolution, low-
energy electron collision experiments employing photoelec-
tron sources is the trade-off problem between the resolution
and the intensity of the electron beam. The electric field applied
across the photoionization region degrades the electron-beam
energy resolution. Therefore, it is necessary to narrow the
size of the photon beam used in the photoionization process,
which in turn means reducing the intensity of the photon
beam and, hence, reducing the intensity of the electron
beam. In addition, narrowing the photon beam requires
highly accurate optical alignment. In order to meet these
demands, the experimental setup of Field and co-workers
has been fixed on a special beamline constructed for the
particular purpose [25].

Here we present a new method for producing an elec-
tron beam at very low energy including cold electron
collision regime for measuring the total cross section for
electron scattering from atoms and molecules, employing a
photoelectron source. The method overcomes the trade-off
problem between the resolution and the intensity of the
electron beam from the photoelectron source by applying in
combination the threshold photoionization of atoms and the
penetrating field technique [27].

We have measured total cross sections for electron scatter-
ing from Kr in the energy range from 14 meV to 20 eV in
order to demonstrate the capability of the present apparatus.
Up to now, several experimental groups have investigated
total cross sections of electron scattering from rare gases
in the low-energy region. The total cross-section curve for
electron scattering from Kr shows the well-known Ramsauer-
Townsend minimum at around 0.7 eV, with a local value less
than 1 × 10−20 m2 and a maximum at around 12 eV with a
value greater than 25 × 10−20 m2 [28–32]. In general, the total
cross-section curves of previous experiments agree reasonably
well [28–32]; hence, the total cross-section measurements of
Kr may serve as a benchmark for the new setup. In addition, the
only cross section obtained below 175 meV has been reported
by Gus’kov et al. [33]; their values disagree with others at
higher energies. Further measurements on the total electron
scattering cross sections from Kr are necessary for the low-
energy electron collisions, especially in the very-low-energy
region down to the cold electron collision’s regime.

Here we also report the resonant structures due to the
Kr− (4p55s2 2P3/2) and the Kr− (4p55s2 2P1/2) Feshbach
resonances observed in the total cross-section curve. The struc-
tures due to the resonances have been extensively studied by
transmission measurements [34–36] and angular differential
cross-section measurements [21,37–40]; however, total cross
sections for these resonances have not yet been reported.
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FIG. 1. Overview of the present experimental system. The system
consists of an electron scattering apparatus with a photoionization
cell, a microchannel plate to measure photoion yield spectra, and
an Au mesh to monitor the flux of the monochromatized SR. The
monochromaitzed SR is focused onto the center of the photoioniza-
tion cell filled with argon atoms for producing photoelectrons.

II. EXPERIMENTAL

A. The experimental system

An overview of the experimental setup is shown in
Fig. 1. The setup consists of an electron scattering apparatus
with a photoelectron source, an Au mesh monitor, and a
microchannel plate (MCP). The electron scattering apparatus
consists of a photoionization cell, three electrostatic lens
systems, a collision cell, and a channel electron multiplier.
The experiment has been carried out at the beamline 20A of
the Photon Factory, KEK, in Japan. A 3-m normal-incidence
monochromator equipped with a 2400 lines/mm grating is
installed in this beamline [41].

The monochromatized SR tuned just at the first ionization
threshold of Ar (15.760 eV) was focused on the center
of the photoionization cell, filled with argon atoms. The
threshold photoelectrons produced are extracted by a weak
electrostatic field formed by the penetrating field technique
and focused onto the entrance of a lens systems of the electron
scattering apparatus. The electrons are conducted into the
second lens system and transmitted to the collision cell filled
with target gas. The electrons passing through the cell without
any collision with the target are refocused by the third lens
system and detected by a channel electron multiplier. The
counting rates of the detected electrons in the presence and
absence of target gas are converted to the total cross section
for electron scattering according to the attenuation law, as
is described in Sec. II D. The whole of the photoionization
cell and scattering apparatus are placed inside the double
µ-metal shields to attenuate Earth’s magnetic field. The stray
magnetic field is estimated to be less than 10−7 T, which
is sufficiently small not to interact with the lowest-energy
electron in the present experiment. The flux of the ionizing
photon beam was monitored by the Au mesh. The MCP
was set in order to measure the photoion yield spectra of
Ar during the tuning of the electron scattering apparatus.
The vacuum chamber containing the scattering apparatus, the
photoionization cell, the Au mesh, and the MCP is pumped
by three 400 L s−1 turbopumps. The typical operating and the
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FIG. 2. (Color online) Cross section of the apparatus used in
the measurement of the total electron scattering cross sections.
A monochromatic photon beam at the first ionization threshold
of Ar 15.760 eV is introduced into the photoionization cell. The
photoelectrons are collected by the penetrating field from the the first
lens system and formed into a beam. The electron beam is tuned by
the second lens system and focused onto the collision cell filled with
target gas. The transmitted electrons are accelerated by the third lens
system and detected by a channel electron multiplier. The results of
the electron trajectory calculation at a collision energy of 0.1 eV are
also shown.

background pressure in the chamber are about 1.0 × 10−3 and
1.0 × 10−5 Pa, respectively.

B. Electron scattering apparatus utilizing the penetrating
field technique

A cross section of the electron scattering apparatus is shown
in Fig. 2. In the present setup, a photoelectron source of a
different kind is employed. The method combines threshold
photoionization of atoms and the penetrating field technique.
The penetrating field technique developed by Cvejanović and
Read [27] utilizes the very weak field in the photoionization
region formed by an extraction electrode penetrating through a
screening electrode. The penetrating field forms a saddle point
in the potential distribution that has the effect of focusing
and enhancing the extraction efficiency of photoelectrons
of particular energy. By tuning the penetrating field, only
very-low-energy photoelectrons can be extracted from the
photoionization region and focused onto the entrance of the
lens system, while the energetic photoelectrons rapidly diverge
[27,42,43].

In the present apparatus, the photoionization cell and the
first electrostatic lens system serve as the photoelectron source.
The first lens system consists of an extraction electrode to
produce a penetrating field in the photoionization cell, a pair
of slits with holes of 0.5 mm diameter, and a multielement
lens system which has a strong aberration. The wall of the
photoioniation cell, which has a 3-mm-diameter hole for the
entry of the extracting field, acts as a screening electrode.
The typical potential on the extraction electrode is 5 V, which
results in an electric field of about 0.02 V/cm in the center of
photoionization region. The advantage of this first lens system
is that the paths of the transmitted electrons are very well
defined so that unwanted electrons are strongly suppressed
and, therefore, energy selectivity is very high.

The electron beam focused on the last slit of the first lens
system was then energy adjusted and led into the collision cell

by the second lens system. The length of the collision cell is
30.5 mm and the diameters of both entrance and exit holes are
2 mm. After passing through the collision cell the electron
beam was accelerated by the third lens system and focused
onto the entrance of the channel electron multiplier. The use of
the independent third lens systems enables the measurement
in a wide energy range from the energy region of the cold
electron collision to a few tenths of electron volts.

The present method utilizing the penetrating field technique
has an advantage of weakening electrostatic field for the
collection of the photoelectrons in the photoionization region.
Since the electric field applied across the photoionization
region degrades the energy resolution of the electron beam, a
narrow photon beam is necessary for the formation of a high-
resolution electron beam. The typical size of the photon beam
and the electric field strength applied to the photoionization
region in the case of the experimental setup of Field et al.
were a strip of thickness of 10 µm and 0.2–0.4 V/cm,
respectively [24]. However, narrowing the size of the photon
beam may reduce the intensity of the photoionization radiation
and also demands a highly accurate optical alignment of the
experimental setup. In the present case, the electric field at
the center of the photoionization region was reduced to about
0.02 V/cm to allow for enough collection of photoelectrons
by utilizing the penetrating field technique. The size of the
photon beam was 1 mm in diameter.

Doppler broadening of the threshold photoelectrons is very
small in the present case. The resolution due to the Doppler
effect is estimated to be less than 0.1 meV, given by

0.723(ET/M)1/2, (1)

where E is the energy of the photoelectron in electron volts,
T is the temperature of the photoionization cell in Kelvin and
M is the mass of argon atom in atomic units [44].

C. Energy selectivity for the photoelectron source

The energy selectivity of the present setup for the photo-
electrons can be estimated from the photoelectron yield as
a function of the ionizaiton photon energy, that is, electron
yield spectrum. Figure 3 shows the electron yield spectrum
of Ar obtained at a typical experimental condition around the
ionization threshold together with the photoion yield spectrum.
Strong peaks of the electron yield spectrum appear only when
the photon energy crosses each of the ionization thresholds
of Ar. The typical count rate of the electron at the Ar+ 2P3/2

threshold was 10 000 counts per second.
The structures in the photoion yield spectrum correspond

to high-lying neutral Rydberg states converging to the Ar+
2P1/2 ion state, that is, autoionizing states [45]. These Rydberg
states can decay to the lower-lying Ar+ 2P3/2 ionic state,
resulting in the emission of electrons of kinetic energy
equal to the excess energy of the Rydberg level above the
2P3/2 ionization threshold. Detection or suppression of these
energetic electrons is a good test of the performance of the
present setup as an electron monochromator [43]. Clearly from
Fig. 3, energetic electrons produced by the autoionization
of the Rydberg series of Ar∗∗ (4p5 2P1/2) ns ′ (n � 12) are
strongly discriminated. As shown in Fig. 3(b), contribution
from the Rydberg state of Ar∗∗ (4p5 2P1/2) 11s ′ is relatively
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FIG. 3. (Color online) The electron yield spectrum and the
photoion yield spectrum of Ar obtained simultaneously. (a) Photon
energy range covering the spin-orbit splitting ionization thresholds
and (b) close-up of the spectra around the first ionization threshold
of Ar.

small, which lies 4 meV above the threshold. This shows
the high selectivity for the low-energy photoelectrons in the
present method.

The collection efficiency of the present apparatus for
the photoelectrons as a function of the electron energy can
be estimated from the electron yield spectrum of Fig. 3. The
procedure for extracting the efficiency function is the same
as used by Cvejanović and Reddish [46]. Following their
procedure, the electron yield spectrum shown in Fig. 3 was
fitted with T (E), which is the function of photon energy E,

T (E) =
∫ ∞

−∞
dE′σAr(E

′)F (E′)Gphoton(E − E′), (2)

where σAr(E) is the photoionizaiton cross section of Ar, F (E)
the efficiency function, and Gphoton(E) the Gaussian function
representing the energy width of the photon beam. In the
present analysis, the photoionization cross section of Ar given

by Maeda et al. [47] was employed. The analytic expression
of the efficiency function can be approximated as [46]

F (E) = 1

a + (E − Et )b
, (3)

where Et is the ionization threshold, the parameter a controls
the half-width, and the b is the tail of the function. The
energy width of the photon beam was determined by fitting
the convoluted photoionization cross section of Ar, σAr(E),
with the Gaussian function, Gphoton(E), to the photoion yield
spectrum. In the present study, the energy width of the photon
beam was estimated to be 2.7 meV.

In order to estimate the efficiency function, we have fitted
Eq. (2) to the electron yield spectrum obtained at around the
Ar+ 2P1/2 threshold and obtained the values of 0.87 and 1.6 for
a and b, respectively. Since the partial photoionization cross
section curve for Ar+ 2P1/2 state does not show complicated
structure compared to that for the Ar+ 2P3/2 state, we chose
the Ar+ 2P1/2 peak for the analysis.

In Fig. 4(a), the electron yield spectrum and the energy
dependence of T (E) obtained from the fitting are shown at
around the Ar+ 2P3/2 threshold. The efficiency function F (E)
is shown in Fig. 4(b). As can be seen from Fig. 4(b), the
collection efficiency for the photoelectrons of 1 meV kinetic
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FIG. 4. (a) Electron yield spectrum and estimated energy depen-
dence of T (E). The solid curve represents T (E) obtained by the
fitting to the electron yield spectrum. (b) Collection efficiency curve
F (E) of the present setup.
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energy reduces to less than a half, and for the photoelectrons
produced from the autoionization of Ar∗∗ (4p5 2P1/2) 11s ′,
which have kinetic energy of 4 meV, the collection efficiency
is about 10%.

The energy width of the electron beam in the present
apparatus is determined by the product of the energy width
of the ionization photon, the efficiency function F (E), and
photoionization cross section σAr(E). However, since the
energy selectivity of the present technique is very high, as
shown in Fig. 4(b), the energy distribution is dominated mainly
by the efficiency function. Therefore, the present technique has
the advantage that the energy width of the electron beam only
slightly depends on the energy width of the ionization photon
when the ionization photon width becomes wider than the
energy width of the efficiency function.

D. Measurements of the total cross sections of electron
scattering from krypton

The intensities of the electron beam, in the presence and
absence of target gas (Kr, 99.99%), were recorded as a function
of electron energy. During the measurements, the potentials
supplied to the first lens system were kept constant while
the second and third lens systems and the collision cell were
controlled by programmable voltage supplies according to the
electron energy of interest. Data acquisition was taken with a
counting system controlled by a computer with dwell time
of typically 1 s per channel for every scan. The pressure
of the target gas in the collision cell was measured by a
capacitance manometer.

The total cross section was obtained by using the
attenuation law,

I (E) = I0(E) exp[−σ (E)nL], (4)

where I (E) and I0(E) are attenuated and unattenuated electron
intensities obtained at the impact energy E, respectively, σ (E)
the total cross section, n the number density of the target gas,
and L the effective path length of the electron in the target
gas. In the present experiment, transmission of the electron
beam (I/I0) was kept above 50% in order to avoid inaccurate
measurements for narrow structure known as the line saturation
effect [48]. As pointed out by Roy et al. [49], the distortion of
narrow structure would be significant in case of high pressure
in transmission measurement, although the influence of the
exponential in Eq. (4) can be neglected if the pressure is
such that σ (E)nL � 1. In the present measurement, we took
care of the pressure of the target to keep the transmission
of the electron beam high enough so that the distortion
was negligible.

The energy resolution was estimated by fitting the the-
oretical cross sections convoluted with a Gaussian function
representing the resolution to those measured at around the
Kr− (4p55s2 2P3/2) Feshbach resonance at 9.485 eV [40]. The
electron energy was also calibrated against this resonance.
The overall energy resolution of the present experiment was
approximately 12 meV at around 10 eV. Details of the
procedure are presented in the next section.

The pressure of target gas was measured by a capaci-
tance manometer kept at a temperature of 318 K and the
thermal transpiration correction with the empirical expression

developed by Takaishi and Sensui [50] was made in the present
measurement.

The effective path length of the electron in the target gas has
been estimated based on the simulation of Mathur et al. [51] on
the pressure variation effect near the aperture. It was found that
the effective path length does not differ from the geometrical
length of the collision cell within the experimental error for
the present setup. In addition, we made a comparison of the
measured total cross section for electron scattering from He
with reported value [32]. Consequently, geometrical cell length
was applied for Eq. (4) in the present study.

In the present method, stability of the intensity of the
electron beam depends on the intensity and the energy of the
photon beam. The stability of the photon beam intensity was
achieved by the top-up operation of the Photon Factory facility
that have been available in the recent operation [52]. Since the
instability of the energy of the photon beam at small photon
energy width causes fluctuation in the electron-beam intensity,
we have used somewhat lower resolution for the photon beam
during the measurement.

E. Contribution from forward-scattered electrons

In the attenuation method, the effect of the forward scat-
tering, that is, incomplete discrimination against the electrons
scattered at small angles with forward direction due to the
finite angular resolution, contributes to the measured total
cross section. In the present study, the contribution from the
forward-scattered electrons was estimated as follows.

Incorporating the effect of the forward scattering, Eq. (4)
can be rewritten as [53]

ln

(
I0(E)

I (E)

)
= nLσ (E)

−n

∫ L

0
dz

∫ 2π

0
dφ

∫ θmax(z,E)

0
sin θdθ

dσ

d�
(E,θ ). (5)

Here, θ is the angle between the beam axis and the direction
of scattered electron and θmax(z,E) the maximum angle of the
electrons which can be transmitted to the detector through the
third lens system scattered at position z on the beam axis at
impact energy E, and dσ/d� represents the elastic plus the
inelastic differential cross sections.

Here we introduce 〈σF (E)〉 defined by

〈σF (E)〉

= 1

L

∫ L

0
dz

∫ 2π

0
dφ

∫ θmax(z,E)

0
sin θdθ

dσ

d�
(E,θ ). (6)

In order to calculate 〈σF (E)〉, θmax(z,E) have been estimated
by calculating the trajectory of the electrons scattered at
position z and energy E with the Charged Particle Optics
computer program [54]. Since there is no data for the
experimental differential cross sections at the very-low-energy
region reported here, phase shifts reported in the theoretical
work of McEachran and Stauffer [55] were applied for the
calculation of dσ/d�. The calculated results for 〈σF (E)〉
are listed in Table I together with the ratio of 〈σF (E)〉 to
the measured total cross sections. As can be seen from
Table I, the contribution from forward-scattered electrons is
small in the present setup. Even near the Ramsauer-Townsend
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TABLE I. Estimated values of partially integrated cross sections
of forward scattering (〈σF (E)〉) and the ratio of 〈σF (E)〉 to the
measured total cross section of electron scattering from Kr.

Energy (eV) 〈σF (E)〉 (10−20 m2) Ratio (%)

20.0 0.09 0.39
15.0 0.09 0.36
9.5 0.12 0.41
4.0 0.03 0.23
0.6 0.01 2.6
0.2 0.05 1.3
0.1 0.09 1.1
0.05 0.10 0.75
0.015 0.31 1.7

minimum, where the s-wave scattering diminishes, the ratio is
less than 3%, which is fairly small compared to experimental
uncertainty including the statistical errors. Therefore, the
contribution from the forward-scattered electrons is negligible
in the present results.

III. RESULTS AND DISCUSSION

A. Total cross section for electron scattering from krypton in
the energy range from 14 meV to 20 eV

The total cross sections for electron scattering from Kr
obtained in the energy range of 14 meV–20 eV in the present
experiment are shown in Fig. 5. The numerical values for the
selected points are also shown in Table II. The overall uncer-
tainty in the cross section includes the statistical and systematic
error. In Fig. 5, the well-known Ramsauer-Townsend minimum
is seen at around 0.7 eV and the cross section rises gradually,
reaching a maximum around 12 eV, and then decreases slowly
with increasing electron energy. At 9.5 eV, the very sharp
structure due to the Kr− (4p55s2 2P3/2) Feshbach resonance
is seen on the total cross-section curve. A weak structure
due to the Kr− (4p55s2 2P1/2) Feshbach resonance is also
seen at 10.1 eV. Below the Ramsauer-Townsend minimum,
the cross section increases rapidly with decreasing electron
energy extending down to the energy range of cold electron
collision regime.

In Fig. 5, previous experimental [28–33] and theoretical
[55–58] total cross sections are also shown for comparison. In
general, the present results agree with the reported experimen-
tal data. This shows that the present apparatus is performing
adequately.

At around the highest measured energy, 20 eV, among the
results of various experiments, the present results agree well
with those of Szmytkowski et al. [32]. With decreasing energy,
our data follow those of Szmytkowski et al. down to about
10 eV. From 10 and 5 eV, our data follow the results of Jost
et al. [28], which are slightly larger than those of Szmytkowski
et al. Below 5 eV, excellent agreement between the present
results and those of Ferch et al. [29] is found.

In Fig. 6, a comparison of the total cross sections for
electron scattering from Kr obtained in the present study with
previously reported results is made in the energy range below
3 eV. Figure 6 shows that the cross-section values and the
position of the Ramsauer-Townsend minimum of the present

TABLE II. The values of total cross sections for electron
scattering from Kr obtained in the present work.

Energy (eV) σ (E) (10−20 m2)

20.08 23.35(49)
19.08 23.43(49)
18.08 24.20(49)
17.08 24.61(49)
16.08 25.46(49)
15.08 26.37(49)
14.08 27.02(50)
13.08 27.63(50)
12.08 28.40(50)
11.08 28.35(50)
10.08 28.23(29)

9.08 27.68(50)
8.08 26.38(50)
7.08 23.50(50)
6.08 20.48(50)
5.08 16.50(50)
4.08 12.79(50)
3.06 8.09(23)
2.06 4.26(23)
1.563 2.47(22)
1.513 2.23(22)
1.463 2.10(22)
1.413 1.99(22)
1.363 1.87(22)
1.313 1.65(22)
1.263 1.52(22)
1.213 1.45(22)
1.163 1.28(22)
1.113 1.19(22)
1.063 1.02(22)
1.013 0.89(22)
0.963 0.85(22)
0.913 0.82(22)
0.863 0.75(22)
0.813 0.61(22)
0.763 0.53(22)
0.713 0.57(22)
0.663 0.55(22)
0.613 0.57(22)
0.563 0.67(22)
0.513 0.76(22)
0.463 0.94(22)
0.413 1.21(22)
0.363 1.47(22)
0.313 2.05(23)
0.263 2.76(23)
0.213 3.79(23)
0.163 4.90(29)
0.158 5.16(29)
0.153 5.31(29)
0.148 5.71(29)
0.143 5.85(29)
0.138 6.10(29)
0.133 6.25(29)
0.128 6.57(29)
0.123 6.79(30)
0.118 7.17(30)
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TABLE II. Continued.

Energy (eV) σ (E) (10−20 m2)

0.113 7.47(30)
0.108 7.61(30)
0.103 8.11(30)
0.098 8.63(30)
0.093 8.96(30)
0.088 9.23(31)
0.083 9.92(31)
0.078 10.29(30)
0.073 10.94(30)
0.068 11.92(31)
0.063 12.37(32)
0.062 12.00(55)
0.060 12.38(55)
0.058 12.69(56)
0.056 12.70(56)
0.054 13.02(57)
0.052 13.24(58)
0.050 13.65(60)
0.048 13.68(61)
0.046 13.66(62)
0.044 15.03(64)
0.042 14.09(65)
0.040 14.70(68)
0.038 15.61(70)
0.036 15.49(73)
0.034 15.45(77)
0.032 15.73(82)
0.030 15.87(89)
0.028 16.59(96)
0.026 14.68(104)
0.024 15.05(114)
0.022 17.65(126)
0.020 18.56(134)
0.018 16.45(145)
0.016 18.23(169)
0.014 20.22(229)

results agree well with those of Ferch et al. [29]. At energies
below the minimum, the present results agree well with the
cross sections obtained by Buckman and Lohmann [31] down
to 175 meV. The cross sections obtained by Gus’kov et al. [33],
which are the only available data in the literature below
175 meV, show a large discrepancy from the present results.
The cross-section value at Ramsauer-Townsend minimum
reported by Gus’kov et al. is about 20% smaller than the
present results, and the cross-section value at 30 meV exceeds
our results at about 50%.

In comparison with the theoretical results, the calculation
by McEachran and Stauffer [55], using the polarized-orbital
method with an adiabatic exchange approximation, reproduces
the present results within the errors below 3 eV. In this
calculation, the effects of the polarization potential and the
accurate treatment of exchange have been employed. Further
agreements in the value of the total cross sections and the
energy position of the Ramsauer-Townsend minimum are
given in the calculation by Mimnagh et al. [58], applying
the polarized-orbital method under dynamic distortion effects.
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FIG. 5. (Color online) Total cross sections for electron scattering
from krypton; •, present results. Also shown are experimental results
of Gus’kov et al. [33], �; Jost et al. [28], ◦; Ferch et al. [29], �;
Subramanian and Kumar [30], �; Buckman and Lohmann [31], 	;
and Szmytkowski et al. [32], �; and theoretical results of McEachran
and Stauffer [55], — — —; Fon et al. [56],–·· – ·· –; Bell et al. [57],–·
– · –; and Mimnagh et al. [58], – – – –.

Moreover, this calculation reproduces the present results below
the Ramsauer-Townsend minimum, and especially below
50 meV. However, both of the polarized-orbital methods show
disagreement against the present results in the preceding
energy range. The R-matrix calculation by Bell et al. [57],
which takes into account a 1P pseudostate as the static dipole
polarizability of the target atom, also reproduces the present
results from 200 meV to 3 eV, including the value of the cross
section and the position of the minimum. The cross sections
calculated by Fon et al. [56] with the R-matrix method are
somewhat higher than our results.
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FIG. 6. (Color online) Total cross sections for electron scattering
from krypton in the energy range below 3 eV; •, present results.
Also shown are experimental results of Gus’kov et al. [33], �; Jost
et al. [28], ◦; Ferch et al. [29], 
; Subramanian and Kumar [30], �;
Buckman and Lohmann [31], 	; and Szmytkowski et al. [32], �;
and theoretical results of McEachran and Stauffer [55], — — —;
Fon et al. [56], – ·· – ·· –; Bell et al. [57], – · – · –; and Mimnagh
et al. [58] – – – –.
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FIG. 7. Total cross sections for electron scattering from krypton
at around the Kr− (4p55s2 2P3/2) and the Kr− (4p55s2 2P1/2) Feshbach
resonances.

B. Total cross section at around the Kr− (4 p55s2 2 P3/2)
and Kr− (4 p55s2 2 P1/2) Feshbach resonances
and the resolution of the present apparatus

The Kr− (4p55s2 2P3/2) and the Kr− (4p55s2 2P1/2) Fesh-
bach resonances have been studied extensively by transmission
measurements [34–36] and angular differential cross-section
measurements [21,37–40]. On the other hand, the total
cross sections for these resonances have not been reported
previously. In Fig. 7, the total cross sections for electron
scattering from Kr obtained in the energy region of 9.2–10.4 eV
are shown. The narrow resonant structure due to the 2P3/2

Feshbach resonance is clearly seen in the figure. The structure
due to the 2P1/2 resonance is also observed, which is slightly
broader than that of the 2P3/2 resonance. The 2P1/2 resonance
appears above the energy of the lowest excited state of Kr
(4p55s, J = 2) at 9.915 eV and the second excited state Kr
(4p55s, J = 1) at 10.032 eV [37]. Therefore, the higher lying
2P1/2 resonance can decay into both of these states in addition
to the ground state, resulting in broader width of the 2P1/2

resonance compared to the 2P3/2 resonance. It is also found
that the intensity of the 2P1/2 resonance is smaller than half
of that of 2P3/2 resonance, as is expected from the statistical
weight. Since the phase shifts for the elastic and the inelastic
channels would not be the same for each other, the intensity
ratio of the 2P1/2 resonance to the 2P3/2 resonance might be
smaller than that expected from the statistical weight.

An analysis of the resonant structure was performed in order
to estimate the resolution with a model curve obtained from the
partial wave description for spin-dependent scattering convo-
luted with a Gaussian function of the width corresponding to
the energy resolution of the experiment. The calibration of the
experimental energy scale was also obtained in the analysis,
using the energy position of the resonance.

In the presence of significant spin-orbit coupling, the
integral electron scattering cross sections for elastic scattering
is given by

σ (E) = 2π

∫ π

0
(|f (θ,E)|2 + |g(θ,E)|2 x) sin θdθ, (7)

where the direct and exchange amplitude f (θ,E) and g(θ,E)
are given by partial-wave sums as follows [18,59]:

f (θ,E) = 1

2ik

∞∑
l

((l + 1){exp[2iδ+
l (k)] − 1}

+ l{exp[2iδ−
l (k)] − 1})Pl(cos θ ), (8)

g(θ,E) = 1

2ik

∞∑
l

{exp[2iδ+
l (k)] − exp[2iδ−

l (k)]}P 1
l (cos θ ).

(9)

Here k is the wave number of electrons related to the collision
energy E, Pl(cos θ ) the standard Legendre polynomials,
P 1

l (cos θ ) (L � 1) an associated Legendre polynomial, while
δ+
l (k) and δ−

l (k) represent the phase shifts in the partial wave
with total electronic angular momenta of j+ = l + 1/2 and
j− = l − 1/2, respectively. For the resonance states below the
first excited state of the atom, the variation in the cross section
arises from rapid changes of the phase shift, δ+

l (k) or δ−
l (k) of

the resonance partial wave (l = 1 for the present resonances),
by a value of π . In the energy region close to a resonance
at an energy Er , the phase shift changes according to the
expression

δ±
l (E) = δ0±

l (E) + cot−1 E − E±
r

�±/2
, (10)

where � is the half-width (natural width) of the resonance
and δ0±

l (E) the potential (nonresonant) scattering phase shift,
which varies only slowly with electron energy.

Since the electron scattering cross section σ (E) is the sum
of a direct scattering σdirect(E) and resonant scattering σres(E),
the difference between the total cross section and the cross
section due to direct scattering is the cross section due to the
resonance. Here let us introduce the cross section σres(E) due
to the resonant scattering given by

σres(E) = σ (E) − π

k2

∞∑
l

{
4(l + 1) sin2 δ0+

l + 4l sin2 δ0−
l

}

= 8π

k2

{
sin2

(
δ0+

1 + cot−1
E − E3/2

�3/2/2

)
− sin2 δ+

1

}

+ 4π

k2

{
sin2

(
δ0−

1 + cot−1
E − E1/2

�1/2/2

)
− sin2 δ−

1

}
.

(11)

In the present analysis, the nonresonant background due
to the direct scattering has been approximated by a
fourth-order polynomial and subtracted from the measured
cross-section curve.

The resulting curve representing the resonant scattering is
shown together with the fitted curve in Fig. 8. The fitted curve
has been obtained by employing the energy-dependent phase
shifts extracted from interpolation of the theoretical values
of Sienkiewicz and Baylis at 7.0 and 10.0 eV [60] and the
resonance width of 3.5 meV and the resonance energy of
9.485 eV reported by Zubek et al. [40]. As a result of the
present analysis, the energy resolution of the present apparatus
has been estimated to be 11 meV, apart from the Doppler
broadening of 4.2 meV.
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FIG. 8. The cross sections due to the Kr− (4p55s2 2P3/2) Feshbach
resonance. The solid curve shows the best fit for the resonant cross
sections obtained by the fitting the calculated σres(E) (see text).

The energy resolution obtained by this estimation seems
rather wider than that expected from the collection efficiency
curve F (E) of the photoelectrons in Fig. 4(b). Since the size
of the ionizing photon beam may contribute to the broadening
of the electron energy, we have measured the total cross
section around the resonance with increasing the size of the
photon beam to 2 mm. The energy width of the electron beam,
however, did not change significantly. This shows that the
energy width of the electron beam was not determined by
the photoelectron source, but rather by the surface potential
variations inside the collision cell due to the work function of
the materials and the shape of the electrode. Here we conclude
that the present method of applying the penetrating field tech-
nique for the photoelectron source has certain potential for the
electron collision experiment over the wide energy range, that
is, a few meV to a few tens of eV, with high energy resolution.

IV. CONCLUSION

An experimental technique has been developed to measure
total cross section for electron scattering over the wide energy
range down to the cold electron collision regime. The present
technique makes it possible to perform high energy resolution
experiments by employing the penetrating field technique
together with the threshold photoionizaion of atoms by the SR.

The high energy selectivity of the present photoelectron source
was confirmed by measuring the electron yield spectrum. The
collection efficiency for the photoelectrons of 1 meV kinetic
energy reduces to less than a half in the present method. Due to
this high energy selectivity of the present technique, together
with the reduced strength of the photoelectron-extracting field
applied at the photoionizaiton region, the present method
overcomes the trade-off problem between the resolution and
the intensity of the electron beam.

In the present study, the total cross section of electron
scattering from krypton is obtained in the energy range from
14 meV to 20 eV at an electron energy width of 11 meV.
Although the energy resolution was wider than expected,
high resolution was obtained compared to the conventional
technique using a hot filament for the electron source.

The total cross sections for electron scattering from
krypton obtained in the present study agree well with the
measurements of Buckman and Lohmann [31] from 175 meV
to at around 0.7 eV, where the Ramsauer-Townsend minimum
occurs. Excellent agreement with the results by Ferch
et al. [29] was found for the cross-section values and the
position of the Ramsauer-Townsend minimum. The present
cross-section values also agree well with those by Ferch
et al. [29] up to 5 eV. On the other hand, the cross-section
values reported by Gus’kov et al. [33] at the very-low-energy
region turned out to be too large. Fairly good agreements
between the present results and previous theoretical ones
are found at very low energy. Total cross sections at around
the Kr− (4p55s2 2P3/2) and the Kr− (4p55s2 2P1/2) Feshbach
resonances were also obtained and reported. The results also
demonstrate that the present technique utilizing the described
photoelectron source has been developed to be a reliable
method for high-resolution measurements in a wide energy
range down to the cold electron collision regime.
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