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Abstract. The electron-impact excitation of the individual levels that constitute the 4p>5s
configuration of Kr is experimentally and theoretically investigated at incident electron energies
of 20.0, 15.0, 13.5 and 12.0 eV, for scattering angles ranging from 10° to 135°. High resolution
electron energy-loss spectroscopy is used to obtain spectral intensities for the excitation of each of
the four 4p>5s levels from the ground state. The intensities lead to three differential cross section
ratios. Absolute electron-impact excitation cross sections are then determined by normalization to
elastic scattering cross sections using the conventional inelastic to elastic normalization method.
The present theoretical cross sections are calculated using two different methods, namely the
R-matrix method and the unitarized first-order many-body theory. Comparisons between the
experimental and the theoretical results show some good agreement, but reveal areas where
significant improvement of the present models is needed. Additionally, it is shown that in the
present case, just as in general for the rare gases, differential cross section ratios provide a sensitive
test of theoretical models as well as unique insights concerning relativistic effects in the scattering
process. Comparisons with existing models and other experimental data are also presented.

1. Introduction

Electron-impact excitation of heavy rare gases continues to attract great interest in collision
physics for several reasons. Rare gases are used in plasma diagnostics for tokamak fusion
research (Tawara and Phaneuf 1988), in plasma and laser physics (Rhodes 1983), plasma
display panel technology (Williamson et al 1994, Veerasingham et al 1995) etc. Recent
advances in computer technology have enabled large electron-scattering codes to be executable,
resulting in more accurate models for electron-impact excitation of LS-coupled target atoms.
As an example, we point to the success of the recent convergent close-coupling (CCC)
method of Bray and Stelbovics (1992) and Bray (1994) in getting very good agreement with
arange of measurements in electron scattering from targets such as K (Stockman et al 1999),
Na(McClelland et al 1989, Scholten efal 1993, Allen et al 1987) and most recently Ba (Trajmar
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et al 1999). However, relativistic interactions such as spin—orbit coupling, which are generally
important in heavy targets, have yet to be incorporated into the CCC method as it stands today.
A similar problem faces the newly developed R-matrix with pseudostates method (RMPS,
Bartschat et al 1996, Bartschat 1998) which has reproduced many of the results of the CCC. The
RMPS also suffers from very large computational demands as the number of coupled channels
increases. However, presently there exists the standard semi-relativistic R-matrix code (RM) of
Berrington e al (1995). This handles the most important effects through the one-electron terms
of the Breit—Pauli Hamiltonian. Recently the RM was moderately successful in predicting the
polarization of light emitted after electron-impact excitation of Xe by spin-polarized electrons
in the near-threshold regime (Zeman et al 1998a). This suggests a starting point for more
detailed tests of this code especially for angle-differential variables. Using this code, we have
performed 5-state (RMS5), 15-state (RM15) and 31-state (RM31) calculations in order to assess
the convergence of the close-coupling expansion with the number of states, to examine the
need (or lack thereof) for a full RMPS calculation. This is motivated by the observation that
the theoretical R-matrix approach of Nakazaki et al (1997) also provided improved qualitative
agreement with recent Xe differential cross section (DCS) measurements at lower energies.
These absolute differential cross section measurements (Khakoo et al 1996a, b) involved
the electron-impact excitation of the lowest four excited configurations (5p°6s, Sp>6p, 5p°5d
and 5p°7s) of Xe. The article incorporated results from two perturbative models, i.e. the
unitarized distorted-wave approximation (UDWA) and the unitarized first-order many-body
theory (UFOMBT). Some of these UFOMBT results were greatly improved over previous
calculations due to inclusion of configuration interaction from the 5p°5d configuration as
explained in Fontes (1998). However, all models available at present mostly show qualitative
agreement with experiment.

An additional model, the relativistic distorted-wave approximation (RDWA) of Zuo et
al (1992) which uses single-electron configuration wavefunctions, focuses on the relativistic
terms in the electron—target Hamiltonian using solutions to the Dirac—Fock equation. Recent
Kr inelastic electron scattering DCS calculations, using the RDWA, were published by Kaur e?
al (1998). The energy range of perturbative models is limited to the intermediate/high energies
and it is of interest to develop these models for lower incident energies (30 eV or below)
where cross sections are larger and such relativistic electron scattering processes become more
significant. As sophisticated theoretical solutions evolve, more accurate experimental data are
required to test these theoretical models for the electron scattering from heavy inert gases and
vice-versa. We have now conducted a similar experiment to that performed in Xe by Khakoo
et al (1996a, b), in Kr, i.e. a target like Xe in structure, but with lower Z values, in an effort to
observe reduced, but nevertheless significant, spin—orbit effects in the scattering channels.

Earlier measurements concerning absolute DCSs for Kr have been reported by Trajmar et
al (1981), Filipovic (1988) and Danjo (1988, 1989). Other collision parameters for inelastic
electron scattering from rare gases are available from experimental studies of, e.g., polarized
electron scattering asymmetries (Diimmler ez al 1995), Stokes parameters of the light emitted
following the impact excitation by polarized or unpolarized electrons, (Furst et al 1993, Norén
and McConkey 1996, Norén ef al 1996, Yu et al 1997a, b, Zeman et al 1998a, b), coherence
and correlation parameters (Becker er al 1992), etc. Ratios of DCSs have been introduced
as useful collision parameters by Khakoo er al (1992, 1994) and very recently by Guo et
al (1999). A summary of available electron-impact excitation DCSs of the rare gases (theory
and experiment) is given by Khakoo et al (1994).

Conventional measurements of absolute inelastic DCSs rely on normalization of inelastic
electron scattering intensities to elastic scattering intensities and require the availability of
accurate elastic differential cross section calibrations (see for example, Khakoo ef al 1996a, b).
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This process makes it difficult to measure inelastic differential cross sections with errors less
than 15-30%. Experiments measuring coherence or correlation parameters while providing
different details of the scattering process are usually very difficult and suffer from poorer
statistics than conventionally measured DCSs. Consequently the availability of such coherence
or correlation data is limited.

The use of DCS ratios as an alternative set of parameters has been recently highlighted for
Kr (Guo et al 1999). These DCS ratios can be determined with high accuracy for heavy rare
gases and have been investigated both experimentally (Register et al 1980, Khakoo et al 1992,
1994 and 1996a) and theoretically (Bartschat and Madison 1992, Fontes 1998). Such ratios
can be measured more readily than absolute differential cross sections or scattering parameters,
to provide more reliable data for testing theoretical models.

DCS ratios for the first four excitation levels of Kr are defined as follows:

. o (5s[3/2]2) o o (5s[3/21)) o o (5s[3/2]») 0
o (55'11/20) o (5s'11/21)’ o(5s03/211)
The 4p>5s levels in Kr can be expressed in the simplified intermediate-coupling scheme
(Cowan 1981) with only one configuration as:

15s[3/212) = |5°P,);
5s[3/211) = & |5°P1) — B[5'Py);
15s'[1/210) = 15°Po);
55'[1/211) = « |5'Py) + B |5°Py).

Here « and B are the intermediate-coupling (unitary) mixing coefficients. The single
configuration values of («, B) based on the Cowan code (12-configuration model) used by
the UFOMBT and those generated by the RM code are (—0.673, 0.735) and (—0.739, 0.674),
respectively. We note the apparent reversal in the magnitude of o and 8 between the UFOMBT
and the RM models. The effect of this difference in the structure calculation will be seen most
prominently in the 7’ results discussed in section 4 below. Mixing coefficients associated with
additional configurations were at least one order of magnitude smaller than « and 8.

From equations (2), we see that r considers excitations to optically forbidden levels,
excitable only via spin-exchange, in the above coupling scheme. In the limiting case of
degenerate fine-structure levels (Khakoo ef al 1992), where spin—orbit interactions are absent,
r attains its LS coupling limit of 5, i.e. the statistical weight ratio of the respective levels,
with J = 2 and J = 0. On the other hand, r’ considers excitations to the optically allowed
J = 1levels. However, these levels have mixed triplet—singlet character. In the optical limit
(high incident electron energy and small scattering angle), application of dipole selection rules
reveals, within this single-configuration coupling scheme, a limit for r’:

lim ' = %/a”. 3)

Eyp—o00

@)

Deviation from the optical limit could indicate the importance of the triplet part of the J = 1
levels or additional singlet levels which are needed to describe these mixed levels. The third
parameter r” provides additional information on the coupling scheme needed to describe the
metastable, optically forbidden levels relative to the optically allowed levels, and consequently
completes the framework of these ratios (Guo et al 1999).

In this paper, which is the first in a back-to-back series of two (from here on referred
to as part I), we present recently obtained measurements of absolute DCSs and DCS ratios
for electron-impact excitation from the ground [4p®('Sy)] level of Kr to the 4p°5s (5s[3/2],,
5s[3/2]1, 55'[1/2]p and 5s'[1/2];) levels. Part IT concerns excitation of the next energetically
higher excited Kr levels which constitute the 4p°5p, 4p°4d and 4p’6s configurations. The
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experimental results are compared with our most recent calculations based on the RM and
UFOMBT models. These models will be described in section 2, followed by experimental
details in section 3. Both experimental and theoretical data and the comparison between them
will be presented in section 4. The summary and conclusions will be presented in section 5.

2. Theoretical models

2.1. R-matrix

The R-matrix calculations reported here were performed along the lines described in detail
by Zeman and Bartschat (1997) for electron-impact excitation of Ne, and the most important
aspects were summarized again by Zeman et al (1998b). Very briefly, the N-electron target
states were represented as multi-configuration expansions through diagonalization of the
target Hamiltonian. The configurations themselves were constructed from a bound orbital
basis whose radial components were generated with the atomic structure package CIV3
of Hibbert (1975). After the non-relativistic orbitals had been obtained, the one-electron
relativistic mass correction, Darwin and spin—orbit terms were added in first-order perturbation
theory in the diagonalization of the target Hamiltonian. The largest calculation performed
included the 31 target states with the configurations 4p°, 4p’3s, 4p°5p, 4p°4d and 4p’6s.
Smaller calculations were restricted to the first 5 and 15 states. Due to the complexity of these
calculations, we used the same set of one-electron orbitals to describe all 31 states—although
it would, in principle, be possible to optimize the orbitals in such a way that the states involved
in a given transition are heavily favoured, the computational demands of such an approach
are prohibitive. As a result, however, the quality of the target description may suffer. The
consequences of using one-electron orbitals generally become most visible when an accurate
target description is more important than channel coupling. Some examples of this effect will
be discussed below.

The collision calculations were performed in the standard R-matrix formulation of the
close-coupling approach. It is based upon the partitioning of configuration space into two
regions, r < a andr > a, where the radius a is defined in such a way that exchange effects can
be neglected in the outer region. The radial wavefunction of the projectile electron in the inner
region is then expanded in terms of a basis set and used to form the channel functions. The
advantage of this method lies in the fact that the solution of a coupled set of integro-differential
equations for each total collision energy, E, that is characteristic of a standard close-coupling
approach, is replaced by a single matrix diagonalization for each partial-wave symmetry of the
(N + 1)-electron Hamiltonian. The solution is then matched to that of a much simpler system
of coupled ordinary differential equations in the external region that yields the transition matrix
elements of interest.

2.2. The unitarized first-order many-body theory

The UFOMBT results were calculated in a manner very similar to that described in Khakoo
et al (1996a) and therefore only a very brief description is provided. A 12-configuration
basis set was used in carrying out Hartree—Fock atomic structure calculations with the CATS
code (Abdallah et al 1988). The ACE code (Clark er al 1988) was then used to determine the
UFOMBT excitation cross sections. The importance of the 4p>4d configuration for the present
Kr results, as well as the analogous effect on excitation in Xe, has been reported in an earlier
article (Fontes 1998).
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Figure 1. Graphic illustration of the pertinent Kr energy levels and their designations. CSUF (Exp.):
the present experimental result, with the energy scale normalized to Moore’s spectroscopic data
at the second (5s[3/2]1) and fourth (5s'[1/2];) levels; Moore: spectroscopic result (Moore 1952);
UFOMBT: energy scale given by the present UFOMBT calculation; RM: energy scale given by
the present RM calculation. The intermediate coupling (J—K') notation is used (see e.g. Cowan et
al 1981). The designation follows that of Moore (1952).

2.3. Comparison of structure results

Theoretical energy levels for Kr, as obtained within the RM code and by the Cowan code
(used by the UFOMBT) are shown in figure 1. We note that the Cowan code yields results
significantly closer to Moore’s spectroscopic energy levels (Moore 1952) than those obtained
within the ‘averaged-orbital’ R-matrix method described above. The designations of the Kr
features (using J L-coupling, Cowan, 1981) as labelled in the Kr spectrum in figure 2 are given
in table 1. Table 2 gives the dominant expansion coefficients (> 0.1) for the various Kr levels
in terms of the intermediate-coupling scheme, as obtained by the Cowan code.

3. Experimental

3.1. Experimental apparatus

We used a state-of-the-art electron energy-loss spectrometer with double hemispherical energy
selectors in both the gun and the analyser sections, similar to that used by Register et al
(1980). The spectrometer is housed in a clean vacuum chamber (base pressure of the vacuum
chamber is 1 x 1077 Torr) which is pumped with a 12" diffusion pump. Both the gun and
the analyser sections were baked to about 120°C during the experiment to maintain stable
conditions necessary for taking electron energy-loss spectra over long periods of time. To
reduce effects from the earth’s magnetic field, the vacuum chamber is shielded with double
mu-metal layers. The double layer shield is further demagnetized and the magnetic field in
the chamber is reduced to 1-2 mG. An important feature of this spectrometer is the absence
of ‘wings’ in the instrumental profile, often seen in spectrometers with single hemispherical
analysers. This feature enabled us to resolve the weak metastable energy-loss features from
the stronger allowed transitions in Kr. The spectrometer operated at an energy resolution of
30—40 meV with electron currents ranging from 3-20 nA. It could observe scattered electrons
at scattering angles (6) up to 135°. A typical electron energy-loss spectrum measured at 95°



Table 1. Designations and grouping of levels comprising features observed in the energy-loss spectra of Kr (see figures 1 and 2). The twenty-four levels are grouped into twelve
features that can be resolved with our spectrometer. The table provides a comparison of groupings based on the energy level values from the UFOMBT (Cowan code), RM, and that
of Moore (1952) (see also NSRDS-NBS 1972) and NSRDS-NBS (NBS 1972).

Features 1 2 3 4 5 6 7 8

Levels 1 2 3 4 5 6+7 8+9 10

Moore 5s[3/212 5s[3/211 55'[1/2]o 55'[1/2] 5pl1/2] 5p(5/213 + 5pl5/2]2 5p[3/2]1 +5pl3/2]> 5pl1/2]o

UFOMBT  5s[3/2], 5s[3/21 5'1/2]p 571721 5pl1/2]; SpS/21s +5pI5/21a  5p[3/211 +5p[3/212  5pl1/2lo

RM 5s[3/2]2 5s[3/2]) 55'[1/2]o 5s'[1/2]h 5pl1/2], 5p(5/213 + 5pl5/2]2 5p[3/2]1 +5pl3/2]2 5pl1/2]o

Features 9 10 11 12

Levels 11+12 13-18 19-21 22-24

Moore 4d[1/2]o +4d[1/2]; 5p'[3/2]1 +4d[3/2], +4d[7/2]4 5p'[1/2]o +4d[5/2]» 6s[3/2]> +4d[3/2]; +6s[3/2];
+5p/[1/2]1 + 5p'[3/2)2 + 4d[7/2]3 +4d[5/2]3

UFOMBT 5p'[3/211 +5p'[1/21h 5p'[3/2]r +4d[1/2]o + 4d[1/2] 4d[7/2]3 + 4d[5/2]» 6s[3/2]> +4d[3/2]; +6s[3/2];
+4d[7/2]4 +4d[3/2] + 5p'[1/2]0 +4d[5/2]3

RM 5p'[3/21h 5p'[3/212 +5p'[1/21 5p'[1/21o 6s[3/2] + 6s[3/2]1 +4d[1/2]y

+4d[1/2]1 +4d[7/2]4 +4d[7/2]3
+4d[3/2]> +4d[3/2];
+4d[5/2]2 +4d[5/2]3

0061
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Table 2. The most significant intermediate-coupling coefficients (> 0.1) for the pertinent levels of Kr derived from the lowest four configurations (4p°3s, 4p>5p, 4p>4d and 4p>6s)

obtained from the Cowan code used in the UFOMBT. The energy values are taken from Moore (1952).

Level J-L coupling Intermediate coupling (dominant levels) Energy (eV), Cowan Energy (eV), Moore
1 4p® 0.9983(4p° 'S¢) 0 0

2 4p°5s [3/2]1 0.9983 (4p°5s 3Py) 9.876 9.915
3 4p35s [3/2] 0.6731 (4p°Ss 3Pp) +0.7381 (4p°5s 'Py) 9.969 10.033
4 4p35s' [1/2]o 0.9961 (4p°5s 3Pg) 10.495 10.563
5 4p35s' [1/2] 0.7354 (4p°5s 3P;) — 0.6738 (4p°5s 'Py) 10.556 10.644
6 4p35p 17211 —0.3751 (4p°5p 3Py) +0.8989 (4p°5p 3S;) +0.2169 (4p°5p 'Py) 11.240 11.304
7 4p35p [5/2]3 0.9979 (4p°5p 3D3) 11.349 11.443
8 4p5p [5/2]2 0.7068 (4p°5p 3Ds) — 0.1666 (4p°5p Py) +0.6873 (4p°5p 'D») 11.355 11.445
9 4p35p [3/2]1  —0.4666 (4p°5p 3Dy) +0.4967 (4p°5p 3Py) +0.7305 (4p°5p 'Py) 11.419 11.526
10 4p35p [3/2]y  —0.2163 (4p°5p 3Dy) +0.8742 (4p°5p 3Py) +0.4343 (4p°5p 'Dy) 11.431 11.546
11 4p35p [1/2]g  —0.6828 (4p°5p 3Pp) +0.7238 (4p°5p 'Sp) 11.548 11.666
12 4p34d [1/2]o 0.9927 (4p>4d 3Pp) 12.049 11.998
13 4p4d [1/2], 0.9346 (4p°4d 3P;) — 0.1184 (4p°4d 'Py) — 0.3077 (4p°4d 3Dy) 12.074 12.037
14 4p5p’ [3/2]1 0.8653 (4p°5p 3Dy) +0.1147 (4p°5p 3Py) +0.4793 (4p°5p 'Py) 11.979 12.101
15 4p34d [3/2],  —0.4667 (4p>4d 3Dy) +0.7823 (4p>4d 3P,) +0.3740 (4p>4d 'Dy) +0.1589 (4p°6s 3P,) 12.116 12.112
16 4p34d [7/2]4 0.9992 (4p°4d 3F,) 12.105 12.126
17 4p35p’ [1/21 0.1802 (4p°Sp 3Dy) +0.7733 (4p°5p 3Pp) +0.4195 (4p°5p 3S;) — 0.4342 (4p°5p 'Py) 12.004 12.141
18 4p5p’ [3/2]2 0.6730 (4p°5p 3Dy) +0.4555 (4p°5p 3Py) — 0.5819 (4p°5p 'Dy) 12.007 12.144
19 4p34d [7/2]3 0.7486 (4p°4d 3F3) — 0.1751 (4p°4d 3D3) +0.6391 (4p°4d 'F3) 12.131 12.179
20 4p5p’ [1/2]o 0.7297 (4p°5p 3Pp) +0.6702 (4p°5p Sg) — 0.1304 (4p°6p 'S¢) 12.120 12.257
21 4p34d [5/2],  —0.5376 (4p°4d 3Fp) +0.5301 (4p°4d 3Ds) +0.6550 (4p74d 'Dy) 12.184 12.258
22 4p34d [5/2]3  —0.2310 (4p°4d 3F3) +0.8343 (4p°4d 3Ds3) +0.4994 (4p°4d 'Fs) 12.194 12.284
23 4p36s [3/2]> 0.1046 (4p°4d 3D») +0.9851 (4p°6s Py) 12.293 12.352
24 4p34d [3/2];  —0.6645 (4p°4d 3D;) +0.7014 (4p>4d 'Py) —0.1427 (4p°5d 'P)) 12.283 12.354

—0.1373 (4p°6s 'P;) —0.1039 (4p°6s Py) — 0.1117 (4p°4d 3Py)
25 4p36s [3/2]h 0.1386 (4p°4d 'Py) +0.5858 (4p>6s 3Pp) +0.7866 (4p°6s 'Py) 12.317 12.385

] ‘uoyd€ay fo uonpi1oxa ovdun-uo41o2]a 104 sU01122s sS04 [P1UILiq
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Figure 2. Energy-loss spectrum of Kr. The resolution of the spectrometer is 29 meV (FWHM).
Features are labelled as in table 1.

with 20 eV incident electrons is shown in figure 2. At the upper limit of the energy resolution
(30 meV, 3 nA), it was not necessary to unfold the spectra for the first four transitions in Kr.

The apparatus is computer-controlled to enable efficient data acquisition. The computer
processes the experimental results from the energy-loss scan and controls the scattering angle
positioning. It monitors the pressure behind the gas line and modulates the gas beam via a thin
molybdenum beam flag. Analysis of the measured spectra is done off-line. A sophisticated
multi-Gaussian unfolding program which has been well tested (Khakoo et al 1994, 1996a, b)
is used to unfold the spectra. Here, the instrumental profile for the unfolding was obtained
by a multi-Gaussian fit (typically two to three Gaussians) to an isolated energy-loss feature
(e.g. feature 2, or the elastic peak at 0 eV energy loss; see figure 2). The energy levels of Kr
from Moore’s spectroscopy tables (Moore 1952) are used in the unfolding program. Typical
reduced chi-squared (), 2) values of the fits to the spectra were in the range of 1-3.
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3.2. Spectrometer calibration

The incident electron beam kinetic energy (E() was calibrated to within £0.05 eV by measuring
the 22S resonance of He at 19.366 eV (Brunt et al 1977). The angular calibration of the
spectrometer was performed using characteristic minima in elastic scattering from Xe and Ar
(Register et al 1980, Srivastava et al 1981, Danjo 1988) and is estimated to be accurate to £-1°.

The detection efficiency (or transmission function) of the analyser for scattered electrons
is, to first order, proportional to the residual energy (Eg = Ey— AE, where AE is the electron
energy loss) of the electrons. This transmission function & (Eg) needs to be measured to extract
DCSs from our energy-loss spectra.

For this calibration, the conventional method using the He ionization continuum (Pichou
et al 1978), as extended by Nickel er al (1989) was employed. At an incident electron energy
of 30.58 eV and 8 = 90°, the scattered electron signal was measured for the energy-loss range
of 20-29.5 eV which covers both the n = 2, 3 and 4 manifold excitations and the ionization
continuum. The He ionization continuum corresponds to an Ey range of 6 eV to 1 eV. This
covers the residual energy range for the Kr measurements for incident energies of 15.0, 13.5
and 12.0 eV and yields a response function over the 6 eV to 1 eV Eg range. Figure 3 shows the

1.0
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Figure 3. Measurement of the relative analyser detection efficiency £(Eg) (transmission) using
the He ionization method. The efficiency for transmission was set to unity for elastic scattering.
AE is the energy loss and E| is the incident electron energy in the same units. Eg is the residual
electron energy. See section 3.2 for details.
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spectrometer function £ (Eg) deduced from the He measurements. The relative transmission
function for the 6 eV to 10 eV Eg region was determined by normalizing the scattering intensity
for the measured n = 2, 3 and 4 level excitations to He DCSs obtained by Bray (1998). We
found that £(Ey) is a linear function in E with a positive slope.

3.3. Determination of DCS ratios and absolute DCSs

The inelastic spectra were unfolded using our spectrum-unfolding code and the line intensities
from the unfolding procedure were corrected for the variation of £(Eg). These corrected
line intensities were used to determine the DCS ratios given in equations (1). Typical errors
involved in £ (Eg) across the spectrum (which depend on the variation of this function which is
essentially linear) incurred an error of 1-5% in these ratios, being largest at the lowest incident
electron energy. To normalize the spectral intensities to the absolute scale, we employed
the elastic DCSs of Danjo (1988). The elastic peak and the inelastic features were scanned
together and their intensity ratios were determined. The background associated with elastic
scattering was a more significant proportion of the signal than the inelastic background of its
corresponding measured signal. These background contributions were accurately determined
by interrupting the gas beam at the collision region (using a thin molybdenum chopper). At
Ey = 20 eV, the elastic scattering background was about 2-3% of the signal, whereas at
Eo = 12.5 €V it had increased to about 25%.

In this method, the major contribution to the uncertainty in the absolute inelastic cross
sections is from the elastic DCSs, which is typically 20% (Danjo 1988). This was incorporated
into inelastic/elastic ratio determinations. For the two optically forbidden levels (5s[3/2], and
5s'[1/2]p) the uncertainty in the absolute differential cross sections is largely reduced since
the ratios of the 5s[3/2], and 5s'[1/2], levels relative to the allowed 5s[3/2]; and 5s'[1/2];
(respectively) can be measured accurately. For example, the cross sections of the optically
forbidden level 5s[3/2], could be determined by DCS(5s[3/2],) = r” DCS(5s[3/2];), where
the ratio r” can be accurately measured with our high resolution spectrometer with a 1-2%
uncertainty, since both features lie next to each other and thus have almost the same &(Eg).

From figure 2 we observe that the two optically allowed levels (5s[3/2]; and 5s'[1/2];)
have much higher intensities than those of the optically forbidden levels (5s[3/2], and
5s'[1/2]o). At small scattering angles the relative intensities of the two optically forbidden
levels compared to the optically allowed levels are even weaker than those shown in figure 2.
Therefore the conventional inelastic—elastic peak ratio method was first used to determine the
absolute differential cross sections for the two optically allowed levels, then we determined
the absolute DCSs of the two optically forbidden levels based on our differential cross section
ratios.

3.4. Errors encountered in the experiments

A summary of encountered errors is given in table 3. In the determination of line intensities,
errors encountered in these measurements consist of the statistical error plus errors induced in

Table 3. Summary of observed errors (1 standard deviation) in the present experiment.

Ej (eV) 20.0 15.0 13.5 12.0
Fitting/Statistics 38% 49% 56% 58%
Transmission 25% 34% 38% 4.4%

Elastic DCS (Danjo, 1988)  20% 20% 20% 20%
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fitting the spectra. The uncertainty in the determination of £(Eg) across the spectrum affects
the intensity ratios, whereas uncertainties in the elastic to inelastic calibrations in the elastic
DCS values of Danjo (1988) contribute to the determination of absolute DCS for the inelastic
features. Only the statistical errors in the determination of £(Eg) are quoted and systematic
errors in this method were not estimated. During the period of these measurements, data were
repeated and the intensity ratios were checked for reproducibility and weighted-averaged to
reduce error bars.

4. Results and discussion

Measurements and RM and UFOMBT calculations were made at electron incident energies
below and above the ionization threshold of Kr (13.996 eV; Kuhn 1962) for scattering angles
ranging from 10°-135°. For the incident energies above the ionization threshold, Ey = 15.0eV
and 20.0 eV, we compare the present results with the existing experimental data (DCSs: Trajmar
et al 1981; DCS ratios: Khakoo ef al 1994). Thus we can provide a comprehensive test of
the RM and the UFOMBT calculations. For the energies below the ionization threshold,
Ey = 12.0eV and 13.5 eV, we attempted to stay in regions free of resonance effects (see e.g.
Phillips 1982). The experimental results are tabulated in tables 4 —7 for the energies of 20.0 eV,
15.0eV, 13.5eV and 12.0 eV, respectively, and are compared with the theoretical models and
other experimental results in figures 4(a)—(d) for the DCS ratios and in figures 5(a)—(d) for the
DCS. As mentioned previously in Guo ef al 1999, the DCS ratios are expected to provide a
more sensitive test of different theoretical methods and are discussed first.

4.1. DCS ratios (r, r' and r")

The measured ratios at incident electron energies above the ionization threshold are shown in
figures 4(a) and (b) together with theoretical results from R-matrix, UFOMBT and RDWA
calculations. We have also included the DCS ratios measured by Khakoo et al (1994). We
did not include the ratio measurements of Filipovic et al (1988) because these were found to
be too scattered (see ratio comparisons in Khakoo et al 1994). We also do not include in our
comparison the DCS ratios from the measurements of Trajmar et al (1981), to avoid congestion
of the graphs. In general, the DCS ratios of Trajmar et al (1981) were found to be in good
agreement with the present values, but had considerably larger error bars throughout.

4.1.1. Ey =20.0 eV Infigure 4(a), at Eg = 20.0 eV, the ratio r has a value of around 5 and
shows good agreement with the RM, the UFOMBT and the RDWA results at small angles. At
this energy we observe that the R-matrix results are rather insensitive to the number of states
included in the calculation (note that only the 31-state RM is shown in these plots to avoid
congestion). The ‘dip’ structure around 60° (r dropping below the value of 4) is observed
clearly in the present and previous experiments (Khakoo et al 1994). These two are in very
good agreement (within error bars), except that the earlier data (Khakoo et al 1994) are slightly
lower. This dip is not reproduced by any of the models. A similar ‘dip’ structure around 60°
is also observed by Trajmar et al (1981). This discrepancy between the experiments and the
theories is not as obvious in the cross sections (see figure 5(a)) as in the ratios.

For the ratio ’, the present data are in excellent agreement with those of Khakoo et
al (1994). The results from the UFOMBT are also in excellent agreement with the experimental
data. One would also expect the UFOMBT to give excellent agreement since it does a good job
of modelling states strongly coupled to the ground state. However, the R-matrix model shows
significantly lower values but maintains qualitative agreement with the experiments. We note



Table 4. DCS Ratios and DCSs for the electron-impact excitation of Kr for E i, = 20.0 eV. The digits in brackets refer to the uncertainty (least significant digits; 1 standard deviation)

in the DCSs. See table 3 for a summary of error sources.

5s[3/2]» 5s[3/2]y 55'[3/2]o 58'[1/2];
6 (deg) ’ " (107" cm?sr1) 10~ cm?sr1) (10~ 8 cm?sr 1) (10~ "8 cm?sr 1)
10 480 (1.00) 151 (0.02) 009 (0.01) 2.03 (0.50) 2151 (4.34) 0.42  (0.14) 1419 (2.87)
15 5.11 (0.51) 150 (0.02)  0.13 (0.01) 173 (0.36) 1348 (2.72) 034 (0.08) 8.54 (1.73)
20 5.14  (0.25) 146 (0.02) 019 (0.01) 144 (0.31) 7.68  (1.56) 0.28 (0.06) 5.06 (1.03)
25 474 (0.33) 136 (0.02) 026 (0.01) 1.48 (0.30) 571 (1.15) 031 (0.07) 416 (0.84)
30 5.00 (0.28) 139 (0.02) 028 (0.01) 140 (0.28) 5.10 (1.03) 0.28 (0.06) 3.68  (0.74)
35 535 (0.60) 127 (0.04) 027 (0.01) 125 (0.25) 458 (0.92) 023  (0.05) 3.60  (0.73)
40 498 (0.23) 129 (0.07) 025 (0.01) 098 (0.21) 3.97 (0.80) 020 (0.04) 3.08  (0.62)
45 488 (0.69) 122 (0.03) 022 (0.01) 085 (0.18) 3.94  (0.80) 0.18  (0.04) 330 (0.67)
50 441 (0.50) 120 (0.02) 017 (0.01) 059 (0.12) 337 (0.68) 0.13  (0.03) 278 (0.56)
55 3.93  (0.39) 121 (0.02) 017 (0.01) 045 (0.09) 272 (0.55) 0.12  (0.03) 223 (0.45)
60 4.03 (0.37) 1.16 (0.02) 019 (0.01) 047 (0.10) 251 (0.51) 0.12  (0.03) 2.16 (0.44)
65 3.88  (0.69) 1.19 (0.05) 020 (0.01) 048 (0.14) 234 (0.69) 0.12  (0.04) 1.97 (0.59)
70 422 (0.42) 1.19 (0.03) 025 (0.01) 043 (0.09 172 (0.35) 0.10  (0.02) 145 (0.29)
75 5.01  (0.50) 1.15 (0.03) 032 (0.01) 045 (0.09) 142 (0.29) 0.09 (0.02) 124 (0.25)
80 412 (0.53) 1.19 (0.05) 038 (0.01) 035 (0.07) 0.93  (0.19) 0.09 (0.02) 0.80 (0.16)
85 497 (0.67) 111 (0.03) 043 (0.02) 036 (0.08) 0.85 (0.17) 0.07 (0.02) 0.76  (0.16)
90 474 (0.34) 1.15 (0.02) 042 (0.04 030 (0.07) 0.71 (0.15) 0.06 (0.02) 0.63 (0.13)
95 444 (0.31) 113 (0.02) 040 (0.02) 025 (0.05) 0.62 (0.13) 0.06 (0.01) 0.55 (0.11)
100 5.17 (0.45) 1.04 (0.03) 049 (0.02) 027 (0.06) 0.55 (0.11) 0.05 (0.01) 0.50 (0.10)
105 513 (0.64) 1.11 (0.04) 048 (0.02) 037 (0.08) 0.78 (0.16) 0.07 (0.02) 0.70  (0.14)
110 426 (0.60) 1.03 (0.04) 049 (0.09) 039 (0.11) 0.80 (0.17) 0.09  (0.03) 0.77 (0.16)
115 469 (0.59) 1.08 (0.05) 054 (0.06) 044 (0.10) 0.82 (0.17) 0.09 (0.03) 0.73  (0.15)
120 437 (0.26) 1.06 (0.06) 058 (0.02) 047 (0.10) 0.82 (0.17) 0.11 (0.02) 0.79 (0.16)
125 3.90 (035 098 (0.04) 058 (0.02) 053 (0.11) 0.92 (0.19) 0.14  (0.03) 0.85 (0.17)
130 423 (0.63) 1.04 (0.06)  0.64 (0.04)
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Table 5. As table 4, but for E ;, = 15.0eV.

5s[3/21> 5s[3/21h 55'[3/2]o 55'[1/2]h
0 (deg) ! " (1078 cem? sy 10~ B cem? s (10~ B8 em2 sl 10~ B8 em2 s
10 410 (147) 199 (0.11) 004 (0.00) 042 (0.09) 1176 (2.39) 0.10  (0.04) 597 (1.22)
15 3.07 (0.69) 1.89 (0.02) 0.06 (0.01) 043 (0.11) 7.15 (1.45) 0.14  (0.05) 4.12  (0.84)
20 430 (0.79) 1.76  (0.04) 0.13  (0.01) 0.44 (0.10) 3.45 (0.70) 0.10 (0.03) 2.09 (043)
25 345 (0.89) 1.64 (0.05) 0.17 (0.01) 0.57 (0.12) 3.39  (0.69) 0.17 (0.06) 2.28 (0.47)
30 5.00 (0.68) 1.49 (0.04) 0.30 (0.03) 0.78 (0.18) 2.62 (0.54) 0.16 (0.04) 1.81 (0.37)
35 5.59 (0.40) 1.32 (0.02) 0.40 (0.05) 0.98 (0.23) 2.47 (0.50) 0.18 (0.04) 1.91 (0.39)
40 6.16 (0.78) 1.41 (0.03) 0.44  (0.02) 1.00 (0.21) 229 (0.47) 0.16 (0.04) 1.70  (0.35)
45 5.03 (0.34) 1.36  (0.03) 0.39 (0.10) 0.95 (0.31) 2.47 (0.50) 0.19 (0.06) 1.83  (0.37)
50 5.53 (0.34) 1.33  (0.03) 0.46 (0.01) 1.17  (0.24) 2.56 (0.52) 0.21 (0.05) 1.81 (0.37)
55 6.93 (0.84) 1.36  (0.02) 0.46 (0.02) 1.62  (0.35) 3.55 (0.76) 0.23  (0.06) 2.54 (0.55)
60 7.74  (0.87) 1.35 (0.05) 0.50 (0.02) 1.82  (0.38) 3.69 (0.75) 0.24  (0.06) 291 (0.59)
65 6.03 (0.54) 1.35 (0.04) 0.58 (0.02) 1.61 (0.33) 2.76  (0.56) 0.27 (0.06) 1.79 (0.37)
70 658 (042) 137 (0.03)  0.62 (0.03) 239 (0.50) 383 (0.78) 036 (0.08) 277 (0.56)
75 591 (0.87) 1.33  (0.06) 0.65 (0.03) 1.51 (0.32) 2.31 (0.47) 0.26 (0.07) 1.54 (0.32)
80 7.63 (0.82) 1.24  (0.04) 0.72  (0.02) 1.57 (0.32) 2.17 (0.44) 0.21 (0.05) 1.75 (0.36)
85 5.82  (0.68) 1.34 (0.08) 0.73  (0.04) 1.09 (0.24) 1.47 (0.31) 0.17 (0.04) 1.10 (0.24)
90 6.32  (0.77) 1.24  (0.04) 0.56 (0.02) 0.90 (0.19) 1.59 (0.33) 0.14 (0.03) 1.26  (0.26)
95 443 (0.80) 122 (0.11)  0.64 (0.06) 090 (0.21) 138 (0.30) 0.18  (0.05) 113 (0.25)
100 4.79 (0.82) 1.22 (0.05) 0.52 (0.05) 0.65 (0.15) 1.24  (0.26) 0.14 (0.04) 1.08 (0.23)
105 3.68 (0.68) 1.07 (0.09) 0.49 (0.04) 0.74 (0.19) 1.60 (0.35) 0.13  (0.06) 1.35 (0.30)
110 5.00 (0.41) 1.13  (0.04) 0.50 (0.02) 1.05 (0.22) 2.13  (0.43) 0.21 (0.05) 1.90 (0.39)
115 5.88 (0.51) 1.18 (0.04) 0.50 (0.02) 1.25 (0.26) 2.52  (0.51) 0.21 (0.05) 221 (045)
120 5.27 (0.39) 1.19 (0.03) 0.56 (0.02) 1.49 (0.31) 2.64 (0.54) 0.28 (0.06) 2.25 (0.46)
125 5.11 (0.35) 1.14 (0.04) 0.55 (0.02) 1.50 (0.31) 2.70  (0.55) 0.29 (0.06) 2.44  (0.50)
130 568 (045 119 (0.03) 054 (0.02) 116 (0.24) 214 (0.44) 021 (0.05) 1.87 (0.38)
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Table 6. As table 4, but for E ;, = 13.5eV.

5s(3/2]» 5s(3/211 55'[3/2]o 5s'[1/2]1
0 (deg) ! " (1078 em? s 10~ Bem?sr ! (1078 em? st 10~ Bem? s
10 639 (136) 258 (0.05 010 (00D 026 (0.06) 262 (0.53) 0.04 (0.01) 0.98 (0.20)
20 455 (1.17) 1.47 (0.05) 0.24 (0.02) 0.40 (0.09) 1.66 (0.34) 0.09 (0.03) 1.10 (0.23)
25 438 (0.62) 1.85 (0.11) 0.30 (0.02) 0.24 (0.05) 0.79 (0.17) 0.05 (0.01) 0.40 (0.09)
30 6.70 (1.38) 1.27 (0.04) 0.37 (0.02) 0.41 (0.09) 1.10 (0.23) 0.06 (0.02) 0.87 (0.18)
35 6.91 (1.80) 1.52  (0.10) 0.47 (0.03) 0.56 (0.13) 1.20 (0.26) 0.08 (0.03) 0.69 (0.15)
40 603 (046) 152 (0.03) 050 (0.02) 067 (0.14) 131 (0.27) 0.11 (0.03) 0.88 (0.18)
45 6.14 (0.75) 1.63 (0.10) 0.54 (0.03) 0.89 (0.19) 1.61 (0.34) 0.15 (0.04) 0.93 (0.20)
50 7.62 (0.55) 1.71 (0.04) 0.54 (0.01) 0.83 (0.17) 1.50 (0.31) 0.11 (0.02) 0.88 (0.18)
55 9.18 (0.75) 1.90 (0.14) 0.53 (0.02) 0.93 (0.20) 1.73  (0.37) 0.10 (0.03) 0.83 (0.18)
60 7.74 (1.86) 1.71 (0.06) 0.58 (0.07) 0.60 (0.14) 1.01 (0.21) 0.08 (0.03) 0.53 (0.11)
65 6.44 (0.93) 2.02 (0.16) 0.65 (0.04) 0.98 (0.22) 1.48 (0.32) 0.15 (0.04) 0.69 (0.15)
70 10.85 (1.08) 1.75 (0.06) 0.75 (0.05) 1.15 (0.25) 1.51 (0.31) 0.11 (0.03) 0.87 (0.18)
75 6.65 (1.05) 1.85 (0.16) 0.73  (0.05) 0.81 (0.18) 1.10 (0.24) 0.12  (0.03) 0.56 (0.12)
80 8.86 (1.38) 1.90 (0.07) 0.68 (0.03) 0.82 (0.17) 1.19 (0.25) 0.09 (0.02) 0.63 (0.13)
85 8.45 (1.58) 1.77 (0.17) 0.72  (0.05) 0.61 (0.14) 0.84 (0.18) 0.07 (0.02) 0.44 (0.10)
90 6.62 (0.71) 1.47 (0.05) 0.60 (0.03) 0.59 (0.13) 0.97 (0.20) 0.09 (0.02) 0.63 (0.13)
95 7.14  (1.23) 1.44 (0.12) 0.65 (0.05) 0.74  (0.17) 1.13  (0.24) 0.10 (0.03) 0.74 (0.16)
100 478 (1.06) 135 (0.11) 066 (0.07) 026 (0.06) 039 (0.08) 0.06 (0.02) 025 (0.05)
105 5.86 (0.91) 1.67 (0.13) 0.56 (0.04) 0.85 (0.19) 1.49 (0.32) 0.15 (0.04) 0.84 (0.18)
110 5.47 (0.58) 1.66 (0.07) 0.57 (0.02) 0.47 (0.10) 0.82 (0.17) 0.09 (0.02) 0.49 (0.10)
115 5.46 (0.58) 1.68 (0.09) 0.53 (0.03) 0.54 (0.11) 0.99 (0.20) 0.10 (0.02) 0.56 (0.12)
120 7.12  (1.05) 2.16 (0.12) 0.53 (0.03) 0.84 (0.22) 1.56 (0.32) 0.16 (0.05) 0.81 (0.17)
125 520 (0.51) 150 (0.07) 055 (0.03) 029 (0.06) 052 (0.11) 0.06 (0.01) 033 (0.07)
130 7.58 (1.29) 1.88 (0.09) 0.56 (0.02) 0.37 (0.08) 0.65 (0.13) 0.07 (0.02) 0.35 (0.07)
135 6.30 (0.92) 1.69 (0.08) 0.53 (0.03) 0.09 (0.02) 0.17 (0.04) 0.01 (0.00) 0.10 (0.02)
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Table 7. As table 4, but for E ;;, = 12.0 eV.

5s[3/2]> 5s[3/2]4 55'[3/2]o 55'[1/2]
6 (deg) ’ " (10~ 8 cm?sr 1) (107" cm?sr 1) (10~ 8 cm?sr 1) (107" cm?sr 1)
30 1093 (7.00) 339 (0.64) 056 (0.10)  0.16 (0.04) 0.28 (0.06) 0.01 (0.01) 0.08 (0.02)
40 852 (2.19) 343 (044) 053 (0.04) 044 (0.10) 0.83 (0.17) 0.05  (0.02) 0.24 (0.05)
50 7.65 (3.49) 190 (0.18) 057 (0.03) 043 (0.09) 0.75 (0.16) 0.06 (0.03) 039 (0.08)
60 6.37 (1.73) 170 (0.11) 074 (0.05) 041 (0.09) 0.56 (0.12) 0.07 (0.02) 033 (0.07)
70 5.01 (1.68) 1.76  (0.20) 1.00 (0.07) 039 (0.09) 0.40 (0.08) 0.08 (0.03) 023 (0.05)
80 3.90 (0.74) 1.80 (0.12) 1.05 (0.06) 041 (0.09 039 (0.08) 0.11 (0.03) 022 (0.05)
90 321 (043) 1.95 (0.07) 1.06 (0.03) 031 (0.06) 0.29 (0.06) 0.10  (0.02) 0.15 (0.03)
100 6.80 (3.06) 269 (031) 073 (0.05) 027 (0.06) 036 (0.08) 0.04 (0.02) 0.13  (0.03)
110 649 (1.40) 299 (021) 070 (0.05 031 (0.07) 0.44 (0.09) 0.05 (0.02) 0.15 (0.03)
115 7.66 (3.00) 227 (023) 079 (0.05) 054 (0.11) 0.69 (0.14) 0.07 (0.02) 0.30  (0.06)
120 520 (1.30)  2.05 (030) 079 (0.08) 052 (0.12) 0.65 (0.14) 0.10  (0.03) 0.27 (0.06)
130 1374 (5.89) 232 (0.13) 059 (0.13)  0.09 (0.03) 0.15 (0.03) 0.01  (0.00) 0.05 (0.01)
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Figure 4. DCS ratios r, ' and r” for incident energies of (a) 20.0 eV, (b) 15.0 eV, (¢) 13.5 eV
and (d) Eg = 12.0 eV. Experiments: e, present; [J, Khakoo er al (1994); A, Phillips (1982).

Theory: ——, UFOMBT; (a) — - - —, RM31; (b) — - - —, RM31; - - - -, RM31 (14.6 eV); (¢) — — —,
RM31; — - —- - , RM15; — - - —, RMS5; (d) — — —, RM31; - — -, RM31 (11.90 eV); - - - -, RM31
(11.95eV); - - -, RM31 (12.05 eV). Other theory: — —, RDWA Zuo et al (1992). All data
correspond to the incident energy labelled in the figures, unless stated otherwise. See text for
discussion.

here that we observe (not shown in the graphs to avoid congestion) that ' moves closer to the
experimental values as the number of coupled states is increased from 5 to 31. This indicates
that the RM has not converged even for the 31-state expansion. The RDWA r’ values are
significantly higher than the experimental values. The possibility that this could be a problem
(in the RDWA) due to the number of configurations used was eliminated when we examined
this effect using our UFOMBT code. When we used a single configuration (equations (2)) we
were still able to reproduce the 12-configuration UFOMBT results for ' to within 5%. We
also note that the optical limit of r’' (equation (3), RM: 0.84; UFOMBT: 1.12) is not realized.
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Figure 4. Continued.

This is possible evidence of the weak coupling of the core to the excited valence electron with
r’ approaching closely to the core statistical weight ratio at small momentum transfer—the
core statistical weight (= 2J.re + 1) ratio for the levels in r’ is 2:1. In fact, this is not fully
realized, since the 6 = 0° limit of r’ is close to 1.6, essentially halfway between the optical
limit and the core statistical weight ratio.

For the ratio " (our most accurate DCS ratio) the experimental data (Khakoo et al 1994 and
the present) show excellent agreement, except at 80°. All theories agree with the experimental
data at some point, but not throughout the full angular range. The theories agree with each
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other and with experiment at small angles, up to 15° for the RDWA, 25° for UFOMBT and
up to 65° for the RM model. At large angles the experimental »” values keep increasing, in
accordance with the RDWA and the UFOMBT results. The UFOMBT in fact overestimates
r” by almost a factor of 2. However, the RM shows a decrease for r” at larger angles. We
note that the RM model does quantitatively better than the UFOMBT, but fails to describe the
rising r” values for 6 > 110°.

4.1.2. Ey = 15.0 eV For the 15.0 eV incident electron energy data (figure 4()), similar
observations as at £y = 20.0 eV are reached in general. We note here that we again
observe that the dependence of the RM on the number of states is more pronounced than at
Ey = 20.0 eV (this is not shown, again for the reasons of avoiding congestion in the graphs).
The RM calculation shows a significant rise in r at low 6 values, in complete opposition to
the experimental values which are decreasing. Overall, for r, the UFOMBT and the RDWA
perform similarly and show an average flat r value for all angles. However, these theories do
not show the decrease in r at & < 40° as found in the experimental data. We show the RM31
r values at Ey = 14.6 eV, and note the sensitive dependence of r on the value of incident
electron energy.

For r’, the UFOMBT performs the best of all. The RM and the RDWA underestimate r’
at 0 < 40°. All the R-matrix calculations show major deviations from experiment at angles
less than 40°. In the limiting case, the experimental value of 7’ in the limit of & = 0° is close
to 2, i.e. the core statistical ratio. This perhaps shows an increased core—projectile electron
interaction as compared to the Ey = 20.0 eV case. For r” the best agreement with experiment
is found for the RM results, while the UFOMBT and RDWA are not even qualitatively in
agreement with experiment.

4.1.3. Ey = 13.5 ¢V The ratio results at £y = 13.5 eV are shown in figure 4(c). At this
incident energy, which is 0.5 eV below the ionization threshold, we include the experimental
results of Phillips (1982) at the limited angles of 30°, 55° and 90°. Agreement between the
present experiment and Phillips’ data is excellent. Below the ionization threshold, perturbative
models, e.g. the UFOMBT, are not expected to be reliable, and here the UFOMBT shows an
essentially flat behaviour with no structure for ». The RM calculations show greatly varying
distributions of r for the 5-, 15- and 31-state calculations. Of these, the 31-state calculation
gives some agreement with the experimental values. However, the RM-31 r value rises at
small 6 in contrast to the experimental results.

For r’, the UFOMBT and RM both are unable to reproduce the striking and complex
undulating behaviour which shows minima at & = 30° and 100° and a sharp maximum at
6 = 120°. The r’ value rises very steeply from & = 20° to 10°. This ratio increases to a
value greater than 2. The r” behaviour is better reproduced by the 31-state RM results. The
UFOMBT shows a very sharp maximum at around 8 = 110°, contrary to experiment.

4.14. Ey = 12.0 ¢V  The figures appertaining to r, »' and r” at this value are shown in
figure 4(d). At this energy, DCSs are decreasing relative to those at higher E, values. With
these reduced DCSs and correspondingly reduced scattered electron rates, data acquisition
is slower. Thus data have only been acquired for a smaller range of scattering angles. The
UFOMBT results are included despite the fact that this is not the regime of application for this
model. We note that for », UFOMBT results give better agreement with the experimental data,
which shows a relatively smooth curve, displaying a shallow dip at 8 = 90°. The observed r
values are high, reaching a value of 12 at 8 = 130°.
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We observe very large values of r’ at small scattering angles. There is significant
disagreement with the results of Phillips (1982). Again the 31-state RM provides the best
agreement with the present experiment. For r”, we see good agreement with the results of
Phillips (1982) except at & = 30°. The RM results show qualitative agreement with the present
experimental data, i.e. displaying the hump around 6 = 90°. In the UFOMBT case, this hump
is shifted to 120°. An interesting point here is that the models clearly show that r” does not
approach zero as 6 tends to 0°, as is found at higher Ey values. This means that at 6 ~ 0°,
there is significant spin exchange to excite the 5s[3/2], level from the ground level. At this
energy, possibilities of resonance in the scattering were checked by carrying out the RM at
Ey = 11.90, 11.95, 12.00 and 12.05 eV. Despite the substantial changes seen in the RM31
results, particularly in the ratio r for incident energies around 12 eV, no evidence of resonances
was found in the RM31 calculation in this region.

Finally we comment on the convergence of the RM at 15.0 eV and 13.5 eV (figures 4(b)
and (¢)), i.e., above and below the ionization potential by approximately 1 eV. We explicitly
show the 5-, 15- and 31-state RM calculations in figure 4(c) while the 15 eV data have not
been displayed for reasons of clarity. From these calculations, we observe that the change from
being above the ionization continuum to below does not provide us with a more converged
RM calculation. For example, for the 13.5 eV r and r’ values, we observe significant variation
between the various RM calculations. This picture suggests that a larger set of states needs to
be incorporated into the RM before convergence will be obtained.

4.2. DCSs

The results of the absolute differential cross sections are presented in figures 5(a)—(d). The JPL
results (Trajmar et al 1981) and the results of Phillips (1982) are also presented for comparison.
For the RM model, only the results of the 31-state calculations are presented in figure 5.

4.2.1. Ey = 20.0 eV At 20.0 eV incident energy (figure 5(a)), comparison of the present
DCSs and those of Trajmar et al (1981) shows very good qualitative agreement, but in absolute
comparison we observe that points with a factor of 2 difference occur, e.g., the DCSs for the
5s[3/2], at & &~ 60°. The agreement between the present experimental results and the RM
and RDWA results for the J = 1 transitions (which show typical forward-peaked dipole
behaviour) is good. The UFOMBT shows good qualitative agreement, but does not do as well
quantitatively. Considering the J = 2 and 0 levels, we observe poorer agreement than for the
J = 1 levels. Whereas good agreement is observed at small angles, this situation becomes
worse for scattering angles above 50°. An interesting point can be made when we consider
the r’ ratios and the corresponding DCSs. We see that for the J = 1 levels, the DCSs are well
described by the RM, but the r’ ratios are not described properly at all (see e.g., figure 4(a)).
Comparison with the measurements of Filipovic ez al (1988), which do not report error bars,
shows that these measurements are too low by almost an order of magnitude.

4.2.2. Eg =15.0eV At 15 eV the incident energy is 1 eV above the ionization potential and
the theory must deal with the continuum. The metastable J = 2 and J = 0 level excitations
show a behaviour which is different from those at Eq = 20.0 eV, i.e., the DCSs become smaller
as @ — 0°. The RM calculations qualitatively show this behaviour especially for the 5s[1/2]
level, but do not completely follow the experimental trend. The UFOMBT does not provide
qualitative agreement for either metastable level. Both theories give good agreement with the
experimental J = 1 DCSs at small 6. However, the RM also gives good agreement for large
0, whereas the UFOMBT does poorly here, indicating that it does not deal adequately with



1914 X Guo et al

T T T T T T T T T T T TS AN RE RERR AR AR AR
E a) 1 E b) 3
'_A_Io.n;_ E°=20.0 ev ( )_; . i Eo=15'0 ev ®) ]
73 3 ERRET g =
2 : -~ 5s [3/2]2 15 2 5s [3/2]2 E
CAT ;o%'g‘nq. ~ £ - T T~ 3
0 £ vV Q906 eV — L -
BRI S AL T P e
107 - So05 500 4 0 ST o v NoE
§ ] :ﬁ%?{f YYyYY ]
10'20 sl v v b v b e by bea g 10'19 vl s bena b b b
UM SRR ER RS RN R E L e R N AN S
i (a) 3 3 (b) ]
‘:?’ 10" - E :5 107" - 5s [3/2]1 |
[ : 18 ¢
P L ] L
Q 107 & g § 10" L a
i ° 08 g ¥y ]
C 0500 0°] i 1
10'19 vl vl e b e b e by e e 10'19 vea s b el byl by
1()"’?,‘,,”]..‘1...,...}..,,.,.g 10" e
. (@ 3 : (b)
R 5s' [1/2], 3 T 100 5s' [1/2] -
§ ) S S
8 107 ;o@ g | @ 107 ._if % $ %
a "ot a4 1 g 10 7Ty~ 1 75
£ O 1 Qa - -’{ Y ]
N o?© o o00° b LY ]
10-20 PN S R ? L@y 10'20 caa b bo v b be e Bvv oy
EV‘I‘]II[III lll_]IIIII1I|I!IE grﬁlI|I||I|IIIIIII|]III|II|§
8 @ 7 - () ]
o) - 1 1~ F 1 B
1o 0&% 5s' [1/2], i 5s' [1/2], ]
£ F 0) 3 NE E 3
> 1 & 58945
18 | N 1018 |
810 3 O 10 7
i e g 1
i o o © ] i v9Y ]
10'19 v d v b by s by by an 10'19 g b o b by b by e b
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Scattering Angle (deg.)

Figure 5. DCSs for electron-impact excitation of Kr for incident energies of (a) 20 eV, (b) 15 eV,
(c) 13.5 eV and (d) 12.0 eV. Experiments: e, Present; V, Trajmar et al (1981); o, Filipovic et
al (1988); A, Phillips (1982). Present theories: , UFOMBT; - - - —, RM31 (a), (b); - - - -,
RM3I (¢), (d). Other theory: — —, RDWA Zuo et al (1992). See text for discussion.

the exchange processes which dominate at large 6. However, we recall that the UFOMBT
gives better r’ values than the RM method. This 7’ problem will require fine tuning of the RM
scheme. This observation also shows the importance of the DCS ratios in providing a fuller
picture of the situation as regards testing recent models.
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Figure 5. Continued.

The data from Trajmar et al (1981) are significantly lower than both our measured and
calculated results for the entire range of 6. They are, however, in qualitative agreement with
the present results. The major difference seems to be in the normalization procedure. We
consider our measurements to be superior on account of our data analysis and normalization
procedures, which have improved over this time period.
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4.2.3. Ey = 13.5 eV and 12.0 eV These energies are below the ionization potential and
convergence of the expansion can be expected in the RM calculations. However, we see
(figures 5(c), (d)) that agreement between the calculations and the experiment is not as good as at
energies above the ionization threshold. At 13.5 eV, the experimental results of Phillips (1982)
were obtained by scanning the incident electron energy for fixed angles of 30°, 55° and 90°.
The agreement with our experimental results is good (figure 5(c)). In the angular range between
40° and 110° both calculations agree well in magnitude (on average) with the experiments, but
differences in shape exist.

Forthe 12.0 eV incident energy, we could not obtain reliable experimental data at scattering
angles below 30° due to large background signals. Also, measurements were made at 10°
intervals instead of the previous 5° intervals because of the lower scattering rates observed
and lower transmission efficiency at these low residual energies. The experimental results of
Phillips (1982) are much higher, more than one order of magnitude in some instances, than our
experimental results for the 5s'[1/2] case, but we agree better with the results of Phillips for
the other cases (figure 5(d)). The theoretical calculations are much closer to our experimental
results. As for 13.5 eV, the main differences between the calculations and the experiment
remain at small angles (¢ < 40°) and large angles (6 > 120°). One does not expect the
UFOMBT to work in these ranges, and so any agreement with the UFOMBT is accidental.
The RM does not provide good results here, as would be expected for the situation below the
ionization potential.

4.3. Integral cross sections

The DCSs from the experimental data can be integrated over all solid angles to obtain integral
cross sections (ICSs). However, since the present measurements do not cover all angles, these
DCSs have to be extrapolated over large angles 6 > 130°. An example of the extrapolation for
Ey = 20 eV and for the 5s[3/2], level is shown in figure 6. We can use the theoretical models
as a guideline and from a spline fit to the data as well as this theory-guided extrapolation we
have estimated integral cross sections for the excitation of the 4p>5s configuration levels at
Ey = 20 eV and 15 eV. Below these E( values the extrapolation become unreliable and has
large (> 50%) errors. These ICSs are given in table 8.

Comparisons with the available theoretical models UFOMBT and RM shows that at
Ey = 20 eV the UFOMBT produces ICSs that are consistently higher by approximately
50% than our experimental ICSs, whereas the RM produces ICSs that fall lower than the
experimental values by about 30%. At Ey = 15 eV, the models produce consistently lower
ICSs than the experimental ones, but in very good agreement with experimental values.

Table 8. Integral cross sections for the electron-impact excitation of the 4p>5s configuration levels
of Krat Ey = 20 eV and 15 eV. See text for details. & is the % of extrapolated part (130°-180°)
of the total integral cross section.

20 eV 15eV

5s[3/21»  5s[3/2Li  55'[3/2]0  5S'[1/2hi  5s[3/21x  5s[3/21i1 58[3/210  5S'[1/21
(1078 cm?) (10~ cm?) (108 cm?) (1078 ecm?) (10718 ecm?) (10718 cm?) (10~ '8 cm?) (108 cm?)

Present 8.0 28.5 1.85 22.3 14.2 29.2 243 21.7
experiment

Error (1 std) 2.55 6.59 0.666 5.17 2.01 4.45 0.347 3.19
3 32% 23% 36% 23% 14% 15% 14% 15%
UFOMBT 13.7 39.9 275 30.6 12.9 24.6 2.13 16.8

RM 5.36 22.8 1.13 21.9 10.8 26.4 1.33 20.7
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Figure 6. Determination of ICSs by extrapolation of the measured DCSs to large angles. The
figures show the extent of the large-angle DCS contribution to the ICS and the extrapolation form
(short-dashed curve) is determined using both theories as a guide. The legend is the same as
figure 5.

5. Summary and conclusions

Although there remain significant differences between the experimental data and the R-matrix
and UFOMBT calculations as far as ratios and DCSs are concerned, there are several points
that we can make, as a result of comparison between the experimental measurements and the
theoretical calculations in this work.

(a) Considerable increases in the values of the ratios r and r’ are found as the incident electron
energy goes down from above to below the ionization threshold, which agrees in general
with the predictions of both the R-matrix and UFOMBT models.

(b) The DCS ratios of the R-matrix models at incident energies near the ionization threshold
strongly depend on the number of states included in the calculation, but do not at energies
far above the threshold, for example, at 20.0 eV.

(c) From the RM results using a fine energy mesh, resonance effects on both the ratios and
the DCSs at energies below the ionization threshold are not strong, and are thus as we
expected according to our experimental results.

(d) The experimental DCS ratios provide a new way of examining the data as well as a
stringent test for theoretical models. The implication, in general, is that more work needs
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to be done on the theoretical models to attain a better quantitative description of electron
scattering by heavy noble gases.

(e) This work also demonstrates that the DCS ratios are more sensitive than absolute DCSs
to the adjustment of parameters included in the theoretical calculations. Therefore,
measurement of the DCS ratios can be considered as a supplement to those of differential
cross sections in testing theoretical scattering models and at the same time shedding new
light on relativistic processes in the collision (Guo et al 1999).
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