PHYSICAL REVIEW A 84, 062717 (2011)

High-resolution total-cross-section measurements for electron scattering from Ar, Kr, and Xe
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Absolute total cross sections for electron scattering from Ar and Xe at electron energies ranging from 7 meV
to 20 eV were obtained with the experimental technique employing the threshold-photoelectron source. The
measured total cross sections are in good agreement with those obtained by other groups down to 100 meV,
above which several experimental works have been reported. Scattering lengths for electron scattering from Ar,
Kr, and Xe were determined from the present total cross sections and our recent results for Kr using the modified
effective range theory. The values of the scattering length obtained in the present analysis differ from the values
determined from the previous swarm experiments and beam experiments. The resonant structures in the total
cross sections due to Feshbach resonances of Ar, Kr, and Xe with an improved energy resolution were also
measured. Analyses of the resonant structure were carried out based on the spin-dependent resonant scattering
theory in order to determine the values of the natural width of Feshbach resonances of Ar, Kr, and Xe precisely.
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I. INTRODUCTION

The scattering of low-energy electrons by rare-gas atoms
has been the subject of extensive experimental and theoretical
investigations. Accurate absolute cross sections for electron
scattering from heavier rare-gas atoms, such as Ar, Kr, and
Xe, provide a critical test of the various theoretical models,
including correlation-polarization interactions and relativistic
effects in electron collision. Reliable cross-section data for
electron scattering from rare-gas atoms are also of crucial
importance in applications, such as electron-driven processes
in phenomena of the earth and the planets, radiation chemistry,
gaseous discharges, plasmas, and so on.

Among the measurable cross sections for various scattering
processes, the grand total cross section is one of the most
reliable quantities since it can be determined without any
normalization procedure. The measured absolute values offer
the upper bound of the scattering cross section comprising the
elastic as well as all of the inelastic scattering, including at-
tachment processes. The total-cross-section curves for electron
scattering from Ar, Kr, and Xe are characterized by a maximum
at around 5-10 eV, and the well-known Ramsauer-Townsend
minimum [1,2] below 1 eV. Each cross-section curve shows
a steep rise with a decrease of the electron energy below the
Ramsauer-Townsend minimum, and the determination of the
cross sections at the zero-energy limit has been the subject
of many studies [3—10], though the lowest energy of the
measurements has been limited to about 100 meV.

The standard experimental technique, using a hot filament
electron source followed by an electrostatic monochromator,
delivers a typical electron-energy width of 30-150 meV
and the lower energy limit is about 100-250 meV. Another
technique using time-of-flight energy selection with pulsed
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electron beams has been proposed [7-9], which gives energy-
dependent resolution of as high as 5 meV at low incident
energies (>250 meV). An alternative method for reaching
higher resolutions is through near-threshold photoionization of
atoms by making use of a photoelectron source, as realized by
Gallagher and York [11,12]. By making use of a photoelectron
source together with high-resolution synchrotron radiation,
Field and Ziesel and co-workers succeeded in the measurement
of the total cross section for electron scattering from various
molecules below 100 meV, where collisions become essen-
tially in the cold regime in which the de Broglie wavelength
of the incident electrons is very much greater than the range at
which there is significant interaction between the electron and
the atom or molecule [13,14]. However, measurements of the
total cross section for electron scattering from Ar, Kr, and Xe
using this technique have not been reported.

Electron-swarm techniques have also been used to derive
cross-section data, such as momentum-transfer cross sections,
for rare-gas atoms at very low energy [15-23]. The method
provided the information over an energy range from about
10 meV to a few eV, which has been very difficult to access by
the standard single-collision experiments. However, since the
microscopic properties have to be determined in a complicated
unfolding procedure by a self-consistent set of cross sections
that will reproduce the macroscopic experimental results
such as transport coefficients, drift velocity, or mobility
via the solution of the energy distribution function, which
often is of the non-Maxwellian form, difficulty arises in
determining the accurate cross section uniquely by the swarm
techniques [22,24].

Recently, we developed a method for producing an electron
beam at very low energy for a cold electron collision ex-
periment employing the threshold-photoelectron source [25].
The technique enables one to perform high-energy resolution
experiments at very low electron energies by employing
the penetrating-field technique together with the threshold
photoionization of atoms by the synchrotron radiation. The
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total cross sections for electron scattering from Kr in the
energy range from 14 meV to 20 eV were obtained at
an electron-energy width of 11 meV with the apparatus
employing the threshold-photoelectron source. In addition,
the resonant structures in the total cross sections due to
the Kr~ (41755s2 2P3/2) and the Kr~ (41755s2 2P1/2) Feshbach
resonances were also obtained and reported.

Here we present the results of the measurements of total
cross sections for electron scattering from Ar and Xe obtained
by the experimental technique employing the threshold-
photoelectron source in the energy range from 20 eV down
to 7 meV. Scattering lengths for electron scattering from Ar,
Kr, and Xe were determined from the total cross sections
obtained in the present measurements and those reported in
our recent work [25] using the modified effective range theory
(MERT) [3,10,26,27].

We also report on the total cross sections around the
Feshbach resonances of Ar, Kr, and Xe with an improved
energy resolution. The resonant structure of the Feshbach
resonances for electron scattering from these rare-gas atoms
have been studied extensively by transmission measurements
[28-30] and elastic electron-scattering measurements [31-36].
Howeyver, the total cross sections for these resonances have not
been reported except for Kr [25].

II. EXPERIMENT

The present measurements were carried out at beam line
20A of the Photon Factory at Japan’s National Labora-
tory for High Energy Physics (KEK), using an electron-
scattering apparatus equipped with a threshold-photoelectron
source [25]. Briefly, threshold photoelectrons produced by
the threshold photoionization of Ar atoms are extracted from
the photoionization cell by a very weak electrostatic field,
typically an electric field of about 0.02 V/cm in the center
of the photoionization region, formed by the penetrating-field
technique. The ionizing photon beam is the monochromatized
synchrotron radiation tuned just at the first ionization potential
of Ar (15.760 eV) from the 3 m normal-incidence monochro-
mator equipped at beam line 20A [37]. The extracted electrons
are formed into a beam by the first electron lens systems and
transferred to the collision cell filled with the target gas. The
electrons passing through the cell without any collision with
the target are angular discriminated and 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 the target gas are converted to the total cross section
for electron scattering according to the attenuation law. The
typical counting rate of the electrons was 10 000 cps at electron
energy of 100 meV. A cross section of the electron-scattering
apparatus is shown in Fig. 1.

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 the 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 [38]. This effect
results in a very narrow energy width of the electron beam
from the threshold-photoelectron source, even if the bandwidth
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FIG. 1. (Color online) Cross section of the apparatus used in
the present measurements. The photoionization cell and the first
electrostatic lens system serve as the threshold-photoelectron source.
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 first
lens system and formed into a beam. The energy of the electron beam
is tuned by the second lens system and focused onto the collision
cell filled with the target gas. The transmitted electrons are angular
discriminated and refocused by the third lens system and detected by
a channel electron multiplier. The results of the electron trajectory
calculation at the collision energy of 0.1 eV are also shown.

of the ionization photon beam is fairly wide [25]. Doppler
broadening of the threshold photoelectrons is very small in the
present case. The energy broadening due to the Doppler effect
is estimated to be less than 0.1 meV.

The whole of the photoionization cell and scattering
apparatus are placed inside the double p-metal shields to
attenuate the 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 total cross section was obtained by using the attenuation
law,

I(E) = Io(E)exp[—o (E)nL], (D

where I(E) and I( E) are attenuated and unattenuated electron
intensities obtained at the impact energy E, respectively, o (E)
is the total cross section, n is the number density of the target
gas, and L is the effective path length of the electron in the
target gas, which has been found to be equal to the geometrical
length [25]. In the present experiment, the transmission of the
electron beam (I/1y) was kept above 50% in order to avoid
inaccurate measurements for a narrow structure, known as the
line saturation effect [39].

The pressure of the target gas was measured by a capac-
itance manometer kept at a temperature of 318 K and the
thermal transpiration correction with the empirical expression
developed by Takaishi and Sensui [40] was made in the
present measurement. The purity of the gases in the present
measurements was 99.9995% for Ar and 99.99% for Kr and
Xe.

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 contributions from the
forward-scattered electrons of the scattering from Ar and Xe
were estimated by the same manner described in Ref. [25].
The CPO computer program [41] was used to calculate the
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trajectory of the electrons scattered in the collision cell, and the
theoretical phase shifts reported by McEachran and Stauffer
[42,43] were applied in order to estimate the differential cross
sections for the electron scattering from Ar and Xe. As was
the case for Kr [25], it was found that the contribution from
the forward-scattered electron is negligible in the present
study. The use of the independent third lens system enables
accurate discrimination against the forward-scattered electrons
in a wide energy range, from the energy region of a few
milli-electron volts to a few tenths of electron volts.

The stability of the photon beam intensity was achieved
by the top-up operation of the Photon Factory facility that has
been available in the recent operation [44]. Since the instability
of the energy of the photon beam at a narrow photon bandwidth
causes fluctuation in the electron-beam intensity, we have used
a lower resolution of about 4 meV for the photon beam during
the measurement. The size of the photon beam was 1 mm in
diameter.

The energy and the width of the electron beam were
estimated by fitting the theoretical cross sections convoluted
with a Gaussian function representing the resolution to those
measured at around the Feshbach resonances of each rare-
gas atom. The energy of 11.1030 = 0.0010 eV [35] for the
resonance energy of the Ar~ (3p>4s% 2P; ») resonance and that
of 7.901 & 0.016 eV [34] for the Xe™ (5p’6s> 2P3/2) resonance
were chosen as the reference point. The accuracies of the
energy scale of the present measurements were estimated to
be £3 meV for Ar and £16 meV for Xe. The energy widths
of the electron beam for the total-cross-section measurement
at 7 meV to 20 eV were estimated to be 10 meV for Ar and
12 meV for Xe.

In the present study, we also measured the total cross
sections from electron scattering from Ar, Kr, and Xe at around
the Feshbach resonances of each atom with an improved
energy resolution. The improvement of the resolution was
achieved by reconstructing the collision cell by changing
its material from stainless steel to molybdenum. In this
high-resolution measurement, energy widths of the electron
beam were estimated to be 8.4, 7.0, and 8.6 meV for Ar, Kr,
and Xe, respectively.

III. RESULTS AND DISCUSSION

A. Total cross section for electron scattering from Ar and Xe
in the energy range from 7 meV to 20 eV

The total cross sections for electron scattering from Ar
obtained in the energy range of 7 meV to 20 eV in the
present experiment are shown in Fig. 2(a). The numerical
values for the selected points are also shown in Table I.
The overall uncertainty in the cross section includes the
statistical and systematic error. In Fig. 2(a), the well-known
Ramsauer-Townsend minimum is seen at around 0.3 eV and
the cross section rises gradually, reaching a maximum around
14 eV, and then decreases slowly with increasing electron
energy. The position of the Ramsauer-Townsend minimum
obtained from the MERT fit described in the next section was
0.338 & 0.005 eV. At around 11 eV, the very sharp structures
due to the Ar~ (3p°4s? P55, *P ) Feshbach resonances are
also seen on the present total-cross-section curve. Below the
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FIG. 2. (Color online) Total cross section for electron scattering
from Ar (a) in the energy range up to 20 eV, and (b) in the energy
range below 3 eV; e indicates the present results. Also shown are
experimental results of Gus’kov et al. [6], <; Jost et al. [46], o; Nickel
et al. [45], U; Ferch et al. [7], ¢; Buckman and Lohmann [8], v;
Subramanian and Kumar [52], A; and Szmytkowski et al. [53], >>; and
theoretical results of Bell et al. [47],—- —; Yuan [48], - - - ; Plenkiewicz
et al. [49], — - - —; Mimnagh et al. [50], — —; and McEachran and
Stauffer [51], — —.

Ramsauer-Townsend minimum, the cross section increases
rapidly with decreasing electron energy.

Previous experimental and theoretical cross sections are
also shown for comparison in Fig. 2(a). In general, the present
results agree with the reported experimental data. In the energy
region above 4 eV, the present cross sections agree very well
with those obtained by Nickel et al. [45].

In Fig. 2(b), a comparison of the total cross sections for
electron scattering from Ar obtained in the present study with
previously reported results is made in the energy range below
3 eV. The present cross-section curve agrees with those of
Jost et al. [46], Ferch et al. [7], and Buckman and Lohmann
[8], down to ~100 meV within the experimental errors. At
energies below ~100 meV, cross sections obtained by Gus’kov
et al. [6], which show a large discrepancy from other previous
results around the Ramsauer-Townsend minimum, are the only
available data in the literature. The present results show a large
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TABLE 1. The values of the total cross sections for electron
scattering from Ar and Xe obtained in the present work [here
and Table IV, the quoted uncertainties in parentheses refer to the

respective last digits—e.g., 18.90(17) means 18.90 £ 0.17].

o(E) (107°m?)

Energy (eV) Ar Xe
20.02 18.90(17) 34.72(47)
19.02 19.66(17) 35.21(47)
18.02 20.65(18) 35.54(47)
17.02 21.46(18) 35.61(47)
16.02 22.45(18) 35.98(47)
15.02 23.37(18) 36.18(47)
14.02 23.78(18) 36.66(47)
13.02 23.80(18) 36.98(47)
12.02 23.28(17) 37.47(47)
11.02 22.00(36) 38.26(47)
10.02 20.30(17) 39.29(47)
9.02 18.18(17) 40.40(44)
8.02 15.64(17) 41.17(38)
7.02 13.27(17) 41.64(47)
6.02 10.95(17) 40.84(47)
5.02 8.73(12) 37.07(33)
4.52 7.86(12) 33.76(33)
4.02 6.94(12) 29.21(33)
3.52 6.05(12) 24.16(33)
3.02 5.10(12) 18.80(16)
2.52 4.20(12) 13.76(16)
2.32 11.83(16)
2.12 9.95(16)
2.02 3.24(12)

1.933 8.30(24)
1.853 7.61(24)
1.823 2.90(12)

1.773 6.95(24)
1.693 6.46(24)
1.623 2.54(12)

1.613 5.95(24)
1.533 5.25(24)
1.453 4.74(24)
1.423 2.13(12)

1.373 4.14(24)
1.293 3.69(24)
1.223 1.82(12)

1.213 3.20(24)
1.133 2.67(24)
1.123 1.55(12)

1.053 2.43(24)
1.023 1.29(10)

1.013 2.10(24)
0.973 2.09(24)
0.933 1.94(24)
0.923 1.11(10)

0.893 1.80(24)
0.853 1.67(24)
0.823 0.94(10)

0.813 1.73(24)
0.773 1.58(24)
0.733 1.60(24)
0.723 0.74(10)

0.693 1.76(24)

TABLE 1. (Continued.)
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o(E) (107°m?)

Energy (eV) Ar Xe
0.653 1.69(24)
0.623 0.57(10)

0.613 1.86(24)
0.573 2.11(24)
0.533 2.30(24)
0.523 0.47(10)

0.493 2.51(24)
0.483 0.43(10)

0.453 3.13(24)
0.443 0.39(10)

0.413 3.75(24)
0.403 0.35(10)

0.383 0.35(10)

0.373 4.31(24)
0.363 0.30(10)

0.343 0.33(10)

0.333 5.42(24)
0.323 0.31(10)

0.301 0.31(7)

0.293 6.74(24)
0.281 0.32(7)

0.261 0.34(7)

0.253 8.47(24)
0.241 0.36(7)

0.221 0.42(7)

0.213 10.87(24)
0.201 0.47(7)

0.181 0.56(7)

0.173 14.13(37)
0.161 0.62(7) 15.05(37)
0.141 0.70(7) 17.77(38)
0.121 0.93(6) 20.88(38)
0.111 1.00(6) 22.48(38)
0.101 1.09(6) 24.44(38)
0.091 1.23(6) 27.19(39)
0.081 1.35(6) 29.81(39)
0.071 1.53(6) 32.65(40)
0.061 1.67(6) 36.55(42)
0.057 1.68(6) 37.97(43)
0.053 1.84(6) 39.40(45)
0.049 1.87(6) 41.41(46)
0.045 2.04(6) 43.50(49)
0.041 2.11(6) 45.14(51)
0.037 2.29(6) 47.38(55)
0.033 2.46(6) 49.32(58)
0.029 2.53(6) 52.23(63)
0.027 2.71(6) 52.49(66)
0.025 2.80(6) 54.71(69)
0.023 2.94(6) 55.95(73)
0.021 3.10(6) 57.67(77)
0.019 3.26(6) 58.78(81)
0.017 3.47(6) 61.30(86)
0.015 3.51(6) 61.68(90)
0.013 3.82(6) 63.47(95)
0.011 4.02(6) 65.15(101)
0.009 4.06(6) 67.03(107)
0.007 4.24(6) 68.36(114)
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discrepancy from the values reported by Gus’kov et al. [6] in
the low-energy region, as was the case for Kr [25].

In comparison with the theoretical cross sections, the
nonrelativistic R-matrix calculation of Bell et al. [47] shows
discrepancies at very low energies below the Ramsauer-
Townsend minimum, although it reproduces the position
and the magnitude of the Ramsauer-Townsend minimum.
A modified exchange calculation including the correlation-
polarization potential of Yuan [48] generally agrees with the
experimental results, except for the position of the Ramsauer-
Townsend minimum, which appears at slightly higher energy.
The results of the pseudopotential calculation of Plenkiewicz
et al. [49] show excellent agreement down to very low
energies, including the position and the magnitude of the
Ramsauer-Townsend minimum. The calculation of Mimnagh
et al. [50] employing the polarized-orbital approximation with
a dynamic distortion effect also shows excellent agreement
with the present results at the energy region below 100 meV.
However, a slight shift of the position of the Ramsauer-
Townsend minimum to the lower energies compared to the
present cross-section curve is seen in their calculation. A
relativistic version of the calculation of Mimnagh er al. [50]
has been carried out by McEachran and Stauffer [51]. The
position of the Ramsauer-Townsend minimum of their results
shows good agreement with the present results, however, a
slight deviation of the cross-section curve from the present
results is seen at energies below 100 meV.

Figure 3(a) shows the total cross sections for electron
scattering from Xe obtained in the energy range of 7 meV
to 20 eV in the present experiment. The numerical values
for the selected points are also shown in Table 1. The
Ramsauer-Townsend minimum is seen at around 0.8 eV and
the cross-section maximum appears at about 7 eV for Xe.
The position of the Ramsauer-Townsend minimum obtained
from the MERT fit described in the next section was 0.78 +
0.02 eV. The very sharp structures due to the Xe~
(5p76s23p; /2) Feshbach resonance can be seen at about 8 eV
in Fig. 3(a). Below the Ramsauer-Townsend minimum, a steep
rise of the cross section reaches to about 70 x 1072° m? with
decreasing electron energy down to 7 meV.

In comparison with the previous experimental total cross
sections shown in Fig. 3(a), the present results agree well with
those by Nickel et al. [45] and those by Szmytkowski ez al. [53]
in the energy region of 10-20 eV. Below 10 eV, our data agree
very well with the results of Ferch et al. [54] down to the
energy of the Ramsauer-Townsend minimum.

Figure 3(b) shows the comparison of the total cross sections
for electron scattering from Xe obtained in the present study
with the previously reported results in the energy range below
3 eV. The present cross sections generally agree with those
reported by Ferch et al. [54] down to the Ramsauer-Townsend
minimum. Below the Ramsauer-Townsend minimum, the
present cross sections generally agree with those reported by
Jost et al. [46] down to 100 meV. The present results are much
smaller than the values reported by Gus’kov et al. [6] in the
low-energy region, again for the case of Xe.

In the case of Xe, the previously reported theoretical
integral elastic cross sections shown in Fig. 3(a) generally
reproduce the experimental results at energies above 1 eV,
except for the calculation of McEachran and Stauffer [55].
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FIG. 3. (Color online) Total cross section for electron scattering
from Xe (a) in the energy range up to 20 eV, and (b) in the energy
range below 3 eV; e indicates the present results. Also shown are
experimental results of Gus’kov et al. [6], <1; Jost et al. [46], o; Nickel
et al. [45], J; Ferch et al. [54], ©; Subramanian and Kumar [52], A;
Alle et al. [57], v; Szmytkowski et al. [53], >>; and theoretical results
of McEachran and Stauffer [55], — —; Sienkiewicz and Baylis [56],
— - —; and Yuan and Zhang [58], - - -.

In Fig. 3(b), the results of the relativistic calculation with
a model polarization potential by Sienkiewicz and Baylis
et al. [56] obtained above 0.4 eV agree well with the present
experimental results. On the other hand, the results of the
relativistic calculation by McEachran and Stauffer [55] show
somewhat larger cross-section values in the very-low-energy
region below the Ramsauer-Townsend minimum.

B. Scattering length for electron scattering from Ar, Kr, and Xe

Several experimental reports for the values of the scattering
length, A, related to the cross section at the low-energy
limit, i.e., zero-energy cross section, by o(0) = 47 A2, can
be found, including both beam and swarm experiments
[3-10,16,18,19,21,46,59-61]. In the present study, we have
derived the scattering lengths for electron scattering from
Ar, Kr, and Xe from the present total-cross-section data for
Ar and Xe, and from our recent data for Kr [25], using the
modified effective range theory (MERT) [3,26]. The MERT
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gives analytical expressions for the scattering phase shifts as
a function of the wave number of electron k, expressed in the
form of the expansion of power series in k using the dipole
polarizability of the target atom and four parameters, which
can be determined by fitting to the scattering cross sections.

In the standard four-parameter MERT (MERT4) [3,7,10,
27], phase shifts are given as

40ldk2 7'[0[,,1](2
tan 8o(k) = —Ak |1+ In(kay) | —
ao 361()
+ Dk* + Fi*, )
T 2
tan 8, (k) = oy — ALK, (3)
15610
k2
tan 8 (k) = adl (4)

ao2l +3)2L + D2l — 1)

Here, [ is the electron angular momentum, «, is the dipole
polarizability of the atom, A is the scattering length, and D,
F, and A, are additional fitting parameters. The total cross
sections and momentum-transfer cross sections are given by
the partial-wave expansions as

o(k) = % > @+ 1)sin® §(k), 5)
l

4 oo
om(k) = 73 2+ D800 = 8] (©6)
1

We neglected the spin-orbit coupling for simplicity in this
section.

The range of the validity in applying the MERT has
been investigated in several reports [7,9,10,60]. Buckman and
Mitroy have showed that the MERT4 is not sufficient to obtain
the p-wave phase shift for an energy range above 0.5 eV for
the case of Ar, and introduced an extended version of MERT
with five parameters (MERTS), which enables one to obtain
the phase shifts for energies up to about 1 eV [10]. In MERTS,
p-wave and d-wave phase shifts have the forms

tan 81 (k) = ajaqk® — A1k> + (brog + cro)k* + HE, (1)
tan & (k) = ajaak® + (brog + crog)k* (1 >2),  (8)

where Aj, D, F, and H are fitting parameters. The effective
quadrupole polarizability «, is the difference of the static
quadrupole polarizability and the nonadiabatic dipole polariz-
ability, which is calculated from the nonadiabatic correction.
The coefficients a;, b;, and ¢; are given by

v

a) = ) (9)
QL +3)2L+ D@2l —1)
w1520 + 1)* — 14021 4 1)* + 128] (10)
"TQI+ 3@+ DRI — DPQI+5)2 —3)’
3611
e (11)

T 2+5020=3)

Buckman and Mitroy have also pointed out that the MERTS
formula describes the d-wave phase shift rather poorly in
the case of electron scattering from Kr and Xe, and have
introduced a further extended version of MERT with six
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parameters (MERT®6) [10]. In MERTS®, the following formula
for describing the d-wave phase shift have been used:

tan 8,(k) = aroak® + (b0 + ca0ty )k + A2k, (12)

where Aj is a fitting parameter.

Figure 4(a) shows the results of the MERTS fit to the present
experimental total cross sections for electron scattering from
Ar (broken curve). The fitting has been carried out in the energy
range up to 1.0 eV. The values of 11.08 a; and 0.0 aj, where

10:""I T L | T | '1':
- (a) l,/ 4

O Present experimental results
---- MERTS5 fit

—— MERT5+ fit

P L PR R S SR

Total Cross Section (1 0% m2)

©
—

—_
o

—_

O Results of Kurokawa et al. [25]

Total Cross Section (1 0% m2)

[ -—-- MERT6 fit
r —— MERT6+ fit
Ll L Lol L PR R e B PN |
100 — T T T -
N = ]
E -
8
o
Z
c
§e]
g 10
7 B
7)) L
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©
° I O Present experimental results 4
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—— MERT6+ fit
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FIG. 4. Total-cross-section curves derived from the MERT fits
to the experimental total cross sections for electron scattering from
rare-gas atoms. (a) Ar: present experimental data, o; MERTS fit, - - - ;
MERTS5+ fit, — . (b) Kr: experimental data of Kurokawa et al. [25],
o; MERT® fit, - - -; MERT6+ fit, —. (c) Xe: present experimental
data, o; MERTH® fit, - - -; MERT6+4 fit, —.
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ap is the Bohr radius, were used for the dipole polarizability
aq and effective quadrupole polarizability «,,, respectively,
following Buckman and Mitroy [10]. In Fig. 4(a), the broken
curve representing the MERTS fit shows a good fit to the
experimental data points within the experimental errors up to
1.0eV.

The total-cross-section curve derived from the MERTO fit
to our recent experimental data of e”-Kr scattering [25] is
shown in Fig. 4(b) as a broken curve. The fitting range was
0-1.0 eV and the values for oty and o, were 16.74 ag [62] and
8.0 aj [10], respectively. In Fig. 4(b), the MERT6 curve
(broken curve) generally agrees well with the experimental
data below 1.0 eV.

Figure 4(c) shows the results for the MERT6 fit to the
present total cross sections for electron scattering from Xe,
derived from the fitting range of 0-1.0 eV. Adopted values
for oy and o, were 27.29 ag [62] and 16.8 ag , respectively.
The agreement of the MERT6 curve (broken curve) and
experimental results becomes rather poor, especially at around
the Ramsauer-Townsend minimum in the case of Xe. Also
apparent is the deviation of the MERT®6 fit curve from the
experimental data points below about 30 meV. This deviation
may cause incorrect extrapolation of the cross sections, leading
to the overestimation of the absolute value of the scattering
length.

In spite of its flexibility, we found that good agreement
of the MERT®6 fit curve between experimental data at the
very-low-energy region could only be obtained when the fitting
range has been limited to about 0-0.3 eV. In such case that the
fitting range is limited from O to 0.3 eV, the MERT® fit curve
would not reproduce the magnitude of the cross section or the
position of the Ramsauer-Townsend minimum. If the MERT
expansion of Eq. (2) for the s-wave phase shift is valid for
e~ -Xe scattering, then the MERT6 curve should be able to
reproduce both the cross sections at very low energy and at
least the position of the Ramsauer-Townsend minimum, since
both the cross sections at this very-low-energy region and the
position of the Ramsauer-Townsend minimum are dominated
by the s-wave phase shift. However, we found that any of the
artificial MERT6 curves that follow the experimental data at
very low energy below 0.1 eV would hardly reproduce the
position of the Ramsauer-Townsend minimum. This shows
that the s-wave phase shift derived from the MERT expansion
of Eq. (2) could be used only at very low energies and
becomes inadequate at energies before reaching the energy
of the Ramsauer-Townsend minimum for e™-Xe scattering.

In the present study, in order to extend the valid energy
region for representing the s-wave phase shift, we have
expanded Eq. (2) by adding one more parameter, G, in the
following form, according to O’Malley and Crompton [27]:

—Ak[l + 4—‘;’1"2 ln(kao)] — —”‘3*""2 + Dk? + Fk*
agp ao
tan 8g(k) = 7 B .

13)

Equation (13) becomes identical to Eq. (2) at k — 0.

An extended version of MERT6, which adopts Eq. (13)
instead of Eq. (2) for the s-wave phase shift (MERT6+),
was employed for fitting the experimental data. The total-
cross-section curve derived from the MERT6+ fit is shown
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TABLE II. MERT parameters for electron scattering from Ar
derived by MERT fits to the experimental total cross sections (in
atomic units). The values used for oy and o, were 11.08 ag and 0.0
aj, respectively [10,62]. The maximum energy used for each of the
fits was 1.0 eV.

MERT Ar

parameters (MERTS) (MERTS5+4)
A —1.370 —1.365
D 75.2 80.5

F —116 —153

G 31.0

A 8.8 8.8

H 38.8 29.7

in Fig. 4(c) by a solid curve. A much better agreement
was obtained for the results of the MERT6+ fit with the
experimental data at the very-low-energy region and also at
the energies around the Ramsauer-Townsend minimum.

The total-cross-section curve derived from the MERT6+- fit
to the e™-Kr scattering is shown in Fig. 4(b) by a solid curve. In
the case of Kr, although a slight modification of the fitted curve
is seen at around the Ramsauer-Townsend minimum, behavior
at the very-low-energy region does not alter very much.

In Fig. 4(a), the total-cross-section curve obtained by the
MERTS5+ fit, which is the MERTS fit with an s-wave phase
shift employing Eq. (13) instead of Eq. (2), is also shown.
The solid curve representing the MERTS5+ fit and the broken
curve for the MERTS fit agree well with each other in the
energy region below 1.0 eV.

The MERT parameters obtained from the present analysis
are shown in Tables II and III. Here we note that the uniqueness
in determining the MERT parameters for p-wave and d-wave
phase shifts is poor for the MERT®6 fit to the total-cross-section
data. In particular, the parameters A;, H, and A, shown in
Tables II and III include large uncertainties. On the other
hand, the values of the scattering length (parameter A) are
determined uniquely in the present fit to the experimental
total-cross-section data. The values of the scattering length
obtained in both the MERTS fit and the MERTS5+ fit for e™-Ar
scattering are in good agreement. This also applies to the case

TABLEIII. MERT parameters for electron scattering from Kr and
Xe derived by the MERT fit to the experimental total cross sections
(in atomic units). The values used for a; and o, were 16.74 ag and
8.0 @) for Kr, and 27.29 a} and 16.8 a] for Xe, respectively [62]. The
maximum energy used for each of the fits was 1.0 eV.

MERT Kr Xe
parameters (MERT6) (MERT6+4) (MERT6) (MERT6+)
A —3.11 —3.06 —5.56 —-5.13
D 181 212 506 909

F —264 —417 —805 —2336

G 109 1093

Ay 18.5 13.9 28.0 22.3

H 119 394 116 53.9

A, 3.1 32 8.5 12.9
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TABLE IV. Comparison of the scattering length obtained from
the present MERT analysis with those obtained in previous studies
[the quoted uncertainties in parentheses refer to the respective last

digits].

Scattering length (units of ag)

Ar Kr Xe
Present work —1.365(5) —-3.06(2) —5.13(3)
Ferch et al. [7] —1.449
Buckman and Lohmann [8] —1.492
Buckman and Lohmann [9] —-3.19
Buckman and Mitroy [10] —1.442 —3.279
Milloy et al. [16] —1.50
Haddad and O’Malley [59] —1.488
Hunter et al. [19] —3.36 —6.09
England and Elford [18] —3.43
Mitroy [61] —3.3873
Brennan and Ness [21] —3.3528
Petrovi¢ et al. [23] —1.459

of e~ -Kr scattering, where the discrepancy between the results
for the MERT®6 fit and the MERT6+ fit slightly increases
compared to the case of e~ -Ar scattering. In the case of e~ -Xe,
only the MERT6+- fit curve agrees with the experimental cross
sections at very low energies, and the value of the scattering
length obtained in the MERT® fit differs from that obtained
from the MERT6+ fit.

A comparison of the values of the scattering length obtained
in the present MERT analysis with those reported in the
previous studies is made in Table IV. As shown in Table 1V,
the present values of the scattering length obtained from the
total cross sections measured in the extended energy range
are smaller than the previous results in absolute value for
each atom, especially for Xe. The scattering lengths obtained
from beam measurements (Ferch et al. [7], Buckman and
Lohmann [8,9], and Buckman and Mitroy [10]) may have
uncertainty in extrapolating the cross-section curve down to
zero energy by the MERT fit due to the restricted energy
range of measurements (E < ~0.1 eV). On the other hand,
although a very-low-electron-energy region, as low as 10 meV,
is accessible in swarm experiments, deriving the momentum-
transfer cross sections from the macroscopic experimental
results includes a complicated and cumbersome unfolding
procedure [22,24]. On the other hand, it is very straightforward
and simple to obtain the absolute cross-section vales in the
present method, and it was also shown that the present cross
sections obtained above 100 meV show good agreement
with the previous reliable beam experiments. Therefore, the
scattering lengths reported here would be reliable compared
to the previous ones.

C. Total cross sections for electron scattering from Ar, Kr, and
Xe at around the Feshbach resonances

In the present study, we measured the total cross
sections for electron scattering from Ar in the vicin-
ity of the Ar~ (3 pAas? 2P3/2,2P1 ,2) Feshbach resonances
with improved resolution and determined the resonance
width. We also measured the total cross sections and

PHYSICAL REVIEW A 84, 062717 (2011)
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FIG. 5. Experimental total cross sections for electron scattering
from Ar, Kr, and Xe at around the Feshbach resonances. (a) The Ar~
(3p°4s22P5)5, *Py2) resonances. (b) The Kr~ (4p355% 2P, 2Py )p)
resonances. (c) The Xe™ (5p°6s?%P; /25 2p, ,2) resonances. Vertical
bars represent the energy position corresponding to the Feshbach
resonances and the exited states of the neutral atom.

analyzed the structure of the Kr~ (4p°5s22P3,,%Py/2) Fes-
hbach resonances and the Xe™ (5 p5 6522P, /2 2p, ,2) Feshbach
resonances.

In Figs. 5(a)-5(c), total cross sections obtained at energies
around the Feshbach resonances of Ar, Kr, and Xe are shown.
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As can be seen in each of the figures, the narrow resonant
structure due to the Feshbach resonances is clearly observed.

In Fig. 5(a), double sharp features due to the
Ar~ (3p°4s?2P5);) resonance and the Ar~ (3p°4s??Py))
resonance are seen. The intensity of the resonant structure
of the Ar~ 2P3/2 resonance is twice that of the Ar~ 2P, )
resonance, as was expected from the resonant theory within
the framework of the potential scattering theory.

For K, the intensity of the structure due to the Kr™ 2p, Yo
resonance is smaller than that expected from the resonant
scattering theory. In addition, the resonant width of the
Kr~ 2P, /2 resonance seems broader than that of the Kr~ 2p, 2
resonance. These observations are explained by the fact that
the Kr~ %Py, resonance appears above the energy of the first
excited state of Kr (4p°5s, J = 2) at 9.915 eV and the second
excited state Kr (4p555, J = 1) at 10.032 eV. Therefore, the
Kr2p, 2 Tesonance can decay into both of these states in
addition to the ground state. The scattering phase shifts for
these inelastic channels would not be the same for those for
the elastic channel, thus the lifetime of the Kr— 2P, /2 resonance
would become shorter than that of the Kr~ 2P; /2 TEsonance.

In Fig. 5(c), only the structure of the Xe™ *P;/, resonance
appeared clearly. In the case of Xe, we found that the structure
due to the Xe~ 2Py, resonance is very weak and could not
be seen in the total cross sections within our experimental
error. As was the case for the Kr~ 2P; /2 resonance, the
Xe™ %P, /2 Tesonance lies above the first two excited states
of Xe, i.e., the Xe (5p56s, J = 2) state and the Xe (5p56s,
J = 1) state. Since the structure due to the Xe ™~ 2P, /2 Tesonance
was observed very weakly in the previous elastic electron-
scattering spectra [34], the present results of the faintness
of the structure for the Xe™ 2P, /2 resonance may be due to
the destructive interference between the elastic and inelastic
channels. The resonance width of the Xe™ 2P; /2 resonance has
been reported as 185 meV by Zubek et al. [34]. This value is
significantly large relative to that of the Xe™ 2P; /2 Tesonance,
which has been reported as 3.6 to 4.5 meV previously
[32,34,63].

D. The widths of the Feshbach resonances

The width of the resonance, which only decays into the elas-
tic scattering channel, can be accurately determined through
a standard partial-wave analysis. Here, we carried out the
analysis of the resonance structure of the Ar~ (3 p4s? 2Py /25
2P1/2), the Kr™ (4])555‘2 2P3/2), and the Xe~ (5])565‘2 2P3/2)
resonances. Analyses of the resonance structure were per-
formed by fitting the model curve for the resonance structure,
which was obtained from the partial-wave description for
spin-dependent scattering convoluted with a Gaussian function
of the width corresponding to the energy resolution of the
experiment.

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

o(E)=2m /n( |f(O,E)*+ |g(6,E)*) sinods, (14)
0
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where the direct and exchange amplitude f(6,E) and g(0,F)
are given by partial-wave sums as follows [64,65]:

_ 1< F o]
fO.B) = ;«z + ){expl2i8;" (k)] — 1}
+I{exp[2i8;, (k)] — 1}) Pi(cos 6), (15)
_ ! S s+
80.E) = ;{exp[zzS, (k)]

— exp[2i5,_(k)]}Pll(cos 0). (16)

Here, k is the wave number of the electron related to the
collision energy E, P/(cosf) are the standard Legendre
polynomials, Pll(cos 0) (L > 1) is an associated Legendre
polynomial, while 8,+ (k) and §; (k) represent the phase shifts
in the partial wave with total electronic angular momenta of
jT=1+1/2and j~ =1 — 1/2, respectively. Rapid changes
of the phase shift, 5z+ (k) or 8; (k), of the resonance partial wave
(I =1 for the present resonances) by a value of 7 cause the
variation in the cross section. In the energy region close to a
resonance at an energy E,, the phase shift changes according
to the expression
+

§F(E) = §)*(E) + cot™ % (17)
where I is the half width (natural width) of the resonance and
810i(E ) is the potential (nonresonant) scattering phase shift,
which varies only slowly with the electron energy. Therefore,
the integral cross sections for elastic scattering close to the

resonances become
E — E3/2:|
[3/2/2

E — E1/2j| }
F1/2/2

237 (A Dsin 8 (E) + 4 sin® 5 (E)),
1£1

o(E) = %{smﬁ [3?+(E) + cot™!

+ 4 sin’ [5?—(E) + cot™!

(18)

An accurate determination of the resonant width requires us
to take into account the main factors that are likely to change
the resonance shape, namely, finite resolving power due to
electron-energy distribution and Doppler broadening in a static
gas target, and also the effects of resonance amplification
caused by high pressure in transmission measurements. By
incorporating these factors into the attenuation method, the
relation between I (E) and Iy(E) can be written as [30,66]

I(E) = IO(E)/{G(E” —E)

x exp[—nL / g(E' — E”)o(E)dE/“dE”, (19)

where G(E” — E) represents the energy distribution of the in-
cident electrons around the nominal energy E, and g(E’ — E”)
describes the broadening caused by the thermal motion of the
target atom, i.e., Doppler broadening. The energy distribution
of the incident electrons was assumed to be Gaussian with
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a width at half intensity of w. The Doppler broadening can
be represented by a one-dimensional form for the case of an
electron-atom interaction as

1
JATME[ukT

X exp [—(@ — m)zﬁ] )
ukT

g(E/ _ E//) —

(20)

where M is the mass of the target atom, u is the reduced mass
of the electron and the target atom, and k is the Boltzmann
constant [67]. The cross section c®(E) obtained with the
attenuation law given by Eq. (1) is related to o (E) as follows:

1
o™E) = —— ln([{G(E” —E)
nL

X eXp|:—nL/g(E/ — E”)G(E)dE’i”dE”).
@1

Here, let us introduce the cross section oreg(E) due to the
resonant scattering and the cross section ogirect(£) due to direct
scattering, and divide o (E) into resonant and nonresonant parts
as

0(E) = 0res(E) + 0odirect(E). (22)

The forms of oyes(E) and ogiec(E) are as follows:

E—F
—3/2) — sin? 8(1)+i|
F3/2/2

E—FE
—1/2> — sin® 8?‘] ,
Tip/2
(23)

8
Ores(E) = k_Z |:Sin2 <8(1)+ + cot™!

4
+ k_yzr |:sin2 <8?_ +cot™!

oo
7{ . . —
Odrect(E) = 5 >[40 + Dysin® 87F + 4l sin*6)7]. (24)
I
The nonresonant part in the observed section can be expressed

as

att
Odirect ( E )

1 "
= —n—Lln</{G(E —E)

X eXp|:—nL/g(E/ - E//)O’direct(E)dE/] }dE”).
(25)

By substituting Eq. (22) into Eq. (21) and assuming ogjrect(E)
as a constant within the narrow energy range of the experimen-
tal width, the resonant cross section af;;(E ) can be related to
ores(E) as follows, which would be a good approximation in

the present case:

1 "
o(E) = 0®™(E) — o8 (E) ~ - In ( f {G(E —E)

X exp[—nL/g(E’ — E”)ares(E)dE’i| }dE”).
(26)
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TABLE V. Nonresonant phase shifts for / =1 partial waves
employed in the present analysis.

8%%(E) (rad) E (eV) Reference
Ar —0.5916 11.00 Franz et al. [35]
—0.6062 11.36
Kr —0.657 9.0 Bell et al. [68]
—0.717 10.0
Xe —0.707 7.5 Heindorff et al. [63]

Equation (26) was fitted to the experimentally observed
resonant cross section ores (E) with the resonance width I’
and the width corresponding to the energy resolution of the
electron beam w, which is related to the function G(E” — E)
as the fitting parameters. No scaling factor for the intensity was
employed in the fit. In the present form, only the nonresonant
phase shifts for / = 1 partial waves are required for the fit.

In the present study, oras (E) was obtained by subtracting
agi)r(gct(E ) approximated with a third-order polynomial from the
measured cross-section curve. The nonresonant phase shifts
for [ = 1 partial waves were chosen as shown in Table V,
which gives the best fit to our experimental results. For Ar
and Kr, phase shifts at energies between the reported energies
were obtained from interpolation of the values of Table V. In
the case of Xe, a satisfactory fit was made by using the phase
shift of Heindorff et al., obtained at 7.5 eV [63].

In Fig. 6, ores (E) together with the fitted curves o2%(E)
obtained from Eq. (26) are shown. Each of the fitted curves
reproduces the experimental cross sections very well. The
energy widths of the electron beam, w, were 8.4, 7.0, and
8.6 meV for the measurements of Ar, Kr, and Xe, respectively.
The results of the resonance widths obtained in the present
analysis are shown in Table VI together with those of previous
experimental work.

The present results for the resonance widths for the
Ar 2Py, and the Ar~ 2P, resonances show very good
agreement with those by Dubé et al. [32] and Franz et al.
[35]. The recent value of Franz et al. was based on a
phase-shift analysis of the absolute angle differential cross
sections measured with two different experimental setups. One
was the electron-scattering apparatus with a very-high-energy
resolution of 5 meV employing the laser photoelectron source
at Kaiserslautern. The other was the high-resolution electron-
scattering apparatus with resolution of 13 meV combined
with a magnetic angle changer at Fribourg. By assuming that
both the Ar~ 2P, /2 and 2p, s2 resonances have identical widths,
they obtained the resonance widths of 2.3 meV for the Ar~
resonances, which seem to be the most accurate value in the
previous work. They also noted that allowing for nonidentical
values of the width for the ?P5, and 2Pj , resonances in their
fit gives the results of I'3» < I'y /2 + 0.1 meV, which gives the
excellent agreement with the present results for the Ar~ 2P; 2
and 2P, /2 TEsonances.

For Kr, the present width of the Kr~ 2p, /2 resonance is
somewhat narrow compared to those obtained in the previous
experiments, as shown in Table VI. The experimental value of
Hoffmann et al. [36] was obtained by the phase-shift analysis
of the absolute angle differential cross sections measured with
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FIG. 6. (Color online) Profiles of the cross sections due to the
Feshbach resonances, oras (E) (open circles), and the best fits for
the resonant cross sections obtained by fitting the calculated o2%(E)
(solid curves); (a) the Ar~ (3p°4s*?P;);) and the Ar~ (3p°4s? 2P, 5)
resonances, (b) the Kr~ (4p35s22P;,) resonance, and (c) the Xe~
(5p°6s22P5),) resonance.

the Fribroug instrument used in the work of Franz et al. [35]. In
the case of Kr, the present results did not agree with the value
obtained by the high-resolution measurements of Hoffmann
et al. The disagreement seems to be the result of using the
different phase shifts in the analysis of each study. In the
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TABLE VI. Comparison of the resonance widths I' of the
Ar~ (3p°4s?2P;)) and the Ar~ (3p34s 2Py ;) resonances, the Kr~
(4p°5s? 2P3/2) resonance, and the Xe™ (5p°6s> 2P3/2) resonance.

Reference I (%P;p) I CPij)
Ar
Weingartshofer et al. (1974) [69] 34
Brunt et al. (1977) [70] 25+£0.5
Dubé et al. (1993) [32] 23402
Hammond (1996) [33] 3.4+£02 32+0.2
Franz et al. (2008) [35] 23+£0.2
Present work 234+02 22+04
Kr
Swanson et al. (1973) [31] 3.8-6
Weingartshofer et al. (1974) [69] 8
Dubé et al. (1993) [32] 3.6+04
Zubek et al. (1999) [34] 35£1.0 30+4
Hoffmann et al. (2010) [36] 3.6+0.2 33+5
Present work 3.2+0.1
Xe
Heindorff et al. (1976) [63] 45+1.0
Dubé et al. (1993) [32] 3.6£1.0
Zubek et al. (1999) [34] 40+1.0 185 + 20
Present work 41+£02

present study, the phase shift of Bell et al. [68] was used
for the nonresonant part of the /[ = 1 partial wave. We chose
the phase shift of Bell et al. not only because their integral
cross-section curve agrees well with our recent experimental
results for Kr at around the resonance energy [25], but also
because their phase shift gave the best fit in the present
analysis. Four sets of the phase shifts have been employed
in the analysis of Hoffmann ef al. and their results, shown in
Table VI, are the weighted mean of each fit. They also reported
the value of 3.31 meV for the results of using the phase shift
of Bell et al. [68], which agrees very well with the present
value.

In the case of Xe, the width of the Xe™ %P3 /2 Tesonance was
obtained with much higher precision compared to the previous
reports. The present results agree well with the previous results,
especially for those by Zubek [34].

The reliable absolute value of the present cross sections,
which can be obtained more precisely in the total-cross-section
measurements compared to the differential cross-section mea-
surements, enables us to determine I" and w uniquely without
any scaling factor in the fit. It is also noted that the present
analysis also has an advantage that the fit can be easily carried
out without suffering from choosing the reliable phase shifts
for nonresonant partial waves.

IV. CONCLUSIONS

The absolute total cross sections for electron scattering from
Ar and Xe were obtained in the energy range from 20 eV
down to 7 meV, with very narrow electron-energy widths of
10-12 meV using the threshold-photoelectron source. Total
cross sections obtained in the present study generally agree
well with those obtained in the previous experiments [7,8,
46,52-54,57] above 100 meV, including the position and the
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magnitude of the Ramsauer- Townsend minimum, except for
the values reported by Gus’kov et al. [6] at the very-low-energy
region.

Scattering lengths for e™-Ar, -Kr, and -Xe scattering were
determined using the modified effective range theory. The
values were —1.365, —3.06, and —5.13 ay for Ar, Kr, and
Xe, respectively. It was found that the scattering lengths
for these rare-gas atoms obtained in the previous studies
[7-10,16,18,19,21,23,59,61] show larger absolute values com-
pared to the present values due to the overestimation of the
cross sections at very low energies below 100 meV, where
direct measurements in the single-collision condition have not
been reported.

The total cross sections at around the Ar~ (3 ps4s2 2p, /25
2P1/2), Kr™ (4p55S2 2P3/2, 2P1/2), and Xe~ (5p56S2 2P3/2,
’p, /2) Tesonances were also studied, with improved energy
resolution. The widths of the Ar~ (3 [75432 2P3/2 and %P 2)
resonances obtained from the partial-wave analysis to the
present total cross sections were 2.3 £ 0.2 and 2.2 + 0.4 meV,
respectively, which agree very well with those obtained by

PHYSICAL REVIEW A 84, 062717 (2011)

recent studies based on the differential cross section at very
high resolution [35]. Widths of the Kr~ (4p35s22P; ,2) and
Xe™ (5p°6s2 2P3 ;) resonances were also determined precisely
as 3.240.1 and 4.1 £0.2 meV, respectively. The analysis
based on the partial-wave analysis to the high-resolution
total-cross-section measurements was shown to be a powerful
method for the accurate determination of the resonance
widths.
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