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Electron scattering in ethene: Excitation of the a 3Blu state, elastic scattering,
and vibrational excitation
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Experimental and calculated absolute differential cross sections for the scattering of low-energy electrons
from ethene are presented. Emphasis is on the excitation of the a 3B,u 3(ar, ) state, but selected elastic and
vibrational excitation cross sections are also given. In contrast to earlier calculations, which were nearly a
factor of 2 too large, the present calculation agrees very well with the experimental triplet excitation cross
section in the threshold region. The improvement is due primarily to the inclusion of target polarization, which
results in proper positioning of the 7 resonance, whose high-energy tail dominates the triplet state excitation
near threshold. The present experimental elastic cross sections agree very well with recent calculations taking

into account target polarization.
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I. INTRODUCTION

Ethene is the prototype of unsaturated hydrocarbons and
as such an important molecule for testing various theoretical
methods. It is a particularly suitable model for electronic
excitation—the (7, 7*) @ >B,, lowest electronically excited
state is energetically well separated from higher excitations.
This status motivated numerous experimental and theoretical
studies.

Sueoka and Mori [1] reported experimental grand total
cross sections for electrons and positrons in the range 0.7—
400 eV. Mapstone and Newell [2] measured the elastic cross
section from 3.3 to 15.5 eV in the 30°-140° angular range.
Lunt ef al. [3] measured the elastic and vibrational excitation
cross sections in the threshold region below 2 eV using syn-
chrotron electron sources. Panajotovi¢ ef al. [4] presented an
extensive experimental study of the elastic cross sections and
a cross section for exciting the C—H stretch vibrations at 7.5
eV. Khakoo et al. recently measured the elastic cross section,
avoiding the problem of varying gas beam profile by using
an aperture instead of a capillary to introduce the sample [5].

These experiments can be compared to several calcula-
tions of the elastic cross sections. Winstead er al. [6] reported
static-exchange elastic cross sections. Polarization was in-
cluded in the more recent study of Winstead er al. [7].
Schneider er al. [8] performed a complex Kohn calculation
of the total cross section and found a Ramsauer-Townsend
minimum. Trevisan er al. [9] reported calculations of the
elastic cross section which describe the dynamic polarization
of the target by the incident electron and involve calculations
over a range of different geometries, including the effects of
nuclear motion in the resonant 2B2g symmetry with an adia-
batic nuclei treatment of the C—C stretch mode.

There are only few calculations of electronic excitation.
Sun et al. [10] reported a two-state close coupling calcula-
tion of differential and integral cross sections for the excita-
tion of the @ >B,, (7, 7") state using the Schwinger multi-
channel method. Rescigno and Schneider [11] reported the
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differential and the integral cross sections for the excitation
of both the triplet and the singlet (7, 7") states. They found
a significant d-wave resonant behavior in the triplet cross
section near 5 eV. Recent calculations by da Costa er al. [12]
explored the effect of polarization on the cross section for
excitation of the triplet (7, 7") state.

The relative integral cross section for excitation of the
3(ar, 7*) state in ethene by electron impact was measured by
Van Veen [13] using the trapped electron method. Relative
measurements of the differential cross section at 0°, mea-
sured with a magnetically collimated spectrometer, were re-
ported by Love and Jordan [14]. The absolute differential
cross sections for the excitation of the (7, ) state were
measured in this laboratory previously [15]. The angular
range was extended to 180° using a combination of a spec-
trometer with hemispherical energy analyzers and a magneti-
cally collimated spectrometer with pulsed electron beam and
electron time-of-flight detection, capable of measuring the
ratio of 0° and 180° cross sections [16]. The results of these
measurements were about a factor of 2 lower than all theo-
retical predictions. This standing problem was recently
pointed out by da Costa et al. [12], who also noted the im-
portant role of polarization, required to properly place the
shape resonances. However, the exploratory calculations of
da Costa et al. did not bring the calculated cross section into
better agreement with experiment.

It thus appears important to test the possibility that the
discrepancy is due to an error of the measurement, and like-
wise to test whether a fuller description of polarization might
affect the calculated results. This paper is primarily devoted
to these tests: the measurement of the electronic excitation
cross sections makes use of improved techniques for calibrat-
ing the response functions of the spectrometer [17], and of
the advent of the magnetic angle changer [18], while the
calculation employs a systematic and extensive treatment of
polarization. Selected measurements of the elastic and vibra-
tional excitation cross sections are also presented, with the
main goal of extending existing data to larger scattering
angles.
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II. METHODS

A. Experiment

The measurements were performed using a spectrometer
with hemispherical analyzers [17,19,20]. The energy reso-
lution was about 20 meV in the energy-loss mode, corre-
sponding to about 15 meV in the incident electron beam, at a
beam current of around 400 pA. The energy of the incident
beam was calibrated on the 19.365 eV [21] %S resonance in
helium and is accurate to within =10 meV. The instrumen-
tal response function was determined on elastic scattering in
helium and all spectra were corrected as described earlier
[17]. Absolute values of the cross sections were determined
by the relative flow technique as described by Nickel et al.
[22] using the theoretical helium elastic cross sections of
Nesbet [23] as a reference. The confidence limit is about
*20% for the elastic cross sections and *25% for the elec-
tronically inelastic cross sections (two standard deviations).
The ethene and helium pressures in the gas inlet line were
typically 0.08 and 0.23 mbars, respectively, during the abso-
lute measurements. Background was determined by record-
ing signal with gas flowing into the main chamber via a
bypass line and not the nozzle. This background was gener-
ally negligible except in the more forward scattering and at
low energies, but for consistency the “bypass signal” was
subtracted even when it was very low.

The angular distributions were measured using combined
mechanical setting of the analyzer and magnetic deflection
by the magnetic angle changer [18,24], correcting the curves
for the instrumental response function, and fitting them to the
discrete absolute values measured at 45°, 90°, 135°, and
180°, as described in Ref. [17]. The angle was incremented
in steps of 5°.

B. Theory

Electron-impact excitation cross sections for the @ °By,,
state were computed using the Schwinger multichannel
method [25] as implemented for parallel computers [26,27].
The calculation employed the same molecular geometry and
one-electron basis set as was used in a recent calculation on
elastic scattering [7] and followed, insofar as possible, the
same procedure for constructing a variational space of many-
electron functions, the only differences being that all dou-
blets that could be built from the @ *B,, state were included
as open-channel configurations, and that the lowest b,
modified virtual orbital (MVO) [28] was replaced with the
appropriate (7, 7*) improved virtual orbital [29], to which
the remaining b,, MVOs were then orthogonalized. The con-
figurations built on singlet-coupled single excitations of the
target that were included to represent polarization were
treated as belonging to the closed-channel space at all ener-
gies. As the energy increases and additional excitation and
ionization channels open, this becomes an increasingly poor
approximation, and the calculated cross sections accordingly
grow unreliable. However, up to the (7, 7") 'B,, threshold,
~8 eV, including only two open electronic channels is the
correct description, and good results may thus be anticipated
in this near-threshold region.
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FIG. 1. (Color online) Elastic cross sections shown as a function
of electron energy. Continuous lines show the results of the present
experiment, dashed lines the calculations of Winstead et al. [7], and
dash-dotted lines the calculations of Trevisan et al. [9]. Also shown
are the experimental data of Khakoo et al. [5] (A), of Mapstone and
Newell [2] (V), and the ANU (O) and the Sophia (CJ) data of
Panajotovi¢ et al. [4]. The average of the 40° and 50° ANU and
Sophia data is shown in cases where 45° data were not available.
The 130° ANU and Sophia data are compared to the present 135°
Cross sections.

III. RESULTS AND DISCUSSION

A. Elastic scattering

Absolute elastic cross sections were measured at 1.5, 3, 6,
10, 15, and 20 eV, at each of the scattering angles of 45°,
90°, 135°, and 180°. An excitation function was then mea-
sured at AE=0 eV at each of these angles (and also at 10°)
and normalized to the absolute values obtained in the previ-
ous step. (The absolute value at 10° was not measured ex-
plicitly, but derived from the angular distribution measure-
ment described below.) The results are shown in Fig. 1. The
data at 10° and 180° were recorded with the aid of the mag-
netic angle changer.

The present absolute values agree well with the earlier
experimental results of Refs. [2,4,5]. The present elastic
cross sections below 1 eV at 90° compare favorably also
with the low-energy measurement of Lunt e al. [3] (which
extend down to 0.08 eV), in terms of both shape and mag-
nitude.

Very satisfactory agreement is found with the cross sec-
tions calculated by Winstead er al. [7]. In particular, the
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agreement is very good down to low energies, at all scatter-
ing angles, even below the 232g 7" shape resonance which is
manifested as a peak around 1.8-2 eV in all spectra. (The
exact position of the peak depends on scattering angle.) The
agreement confirms that polarization effects, decisive at low
energies, were treated correctly in this calculation. This is
also reflected in the fact that the resonance is calculated only
very slightly above the experimental energy; calculations ne-
glecting polarization tend to overestimate the resonance en-
ergies by several eV. The height of the resonance peak is
overestimated in the calculation, presumably because the
fixed-nuclei calculation makes the resonance too sharp and
fails to distinguish vibrationally elastic and vibrationally in-
elastic channels [7]. An excellent degree of agreement is also
seen with the calculated cross sections of Trevisan et al. [9].
This calculation incorporates an adiabatic-nuclei treatment of
symmetric stretch motion which lowers the height of the 1.8
eV resonant peak and improves the agreement with experi-
ment in the resonant region.

The present measurements become substantially less pre-
cise below about 0.1 eV, but evidence for a Ramsauer-
Townsend minimum at 0.08 eV was found in the 135° cross
section, in qualitative agreement with the theoretical work of
Schneider er al. [8], who predicted a minimum at 0.2 eV, and
later by Winstead et al. [7], who predicted a minimum at
0.15 eV. Both predictions were made in the A, symmetry
component of the integral cross section. This minimum ap-
pears to be partially washed out when all symmetry compo-
nents are included in the calculation [7]. A Ramsauer-
Townsend minimum was proposed, based on previous
electron transport experiments, by Hayashi [30] in the
momentum-transfer cross section at 0.08 eV.

A second minimum appears at 1.21 eV in the 180° and
135° spectra, similar to those observed at large scattering
angles in many molecules [31]. Tt is well reproduced by
theory. The calculations overestimate the cross section in the
9-20 eV range at 135° and 180°.

The angular distributions of the elastic signal (measuring
not the heights of the elastic peaks, but the integral under
them) were then measured at 1.5 and 5 eV and normalized to
the absolute values. The data were recorded in three overlap-
ping intervals (0°-90°, 45°-135°, 90°-180°) which were
joined together as in the earlier work [17]. The absolute elas-
tic cross sections at 5 eV were taken from the curves in Fig.
1. The results are shown in Fig. 2, and the corresponding
integral and momentum-transfer cross sections in Table I.
The cross section at 1.5 eV is reminiscent of a d, wave,
confirming that it is strongly affected by the 2B2g (77) shape
resonance. The agreement with earlier data is satisfactory,
except below 60° at 1.5 eV, where the present data rise, but
some of the earlier data stay approximately constant or even
slightly decrease with decreasing angle. The data recorded
by Khakoo er al. [5] at an energy 0.5 eV higher, at 2 eV, are
consistent with the present measurements: they also rise with
decreasing angle below about 40°.

The comparison with the calculated data of Winstead et
al. [7] is complicated by the somewhat unfortunate choice of
the energy: 1.5 eV is on the low-energy tail of the 7" reso-
nance. This has the consequence that the experimental cross
section is still strongly affected by the resonance, because of
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FIG. 2. (Color online) Elastic cross sections shown as a function
of scattering angle. Circles connected by a line show the present
data, dashed lines the calculations of Winstead et al. [7], and dash-
dotted lines the calculations of Trevisan et al. [9]. The experimental
data of Khakoo et al. [5] (A), the ANU (O) and the Sophia ((1)
data of Panajotovi¢ et al. [4], and the data of Mapstone and Newell
[2] (V) are also shown. Filled squares (H) show the Sophia data at
1.8 eV.

its Franck-Condon width, whereas it is below the resonance
in the fixed-nuclei calculation. This becomes evident when
regarding the calculated cross section at 1.75 eV, also shown
in Fig. 2. The two calculated cross sections at energies only
0.25 eV apart differ quite dramatically. The shape of the
experimental cross section (>130°) is approximately in be-
tween that of the calculated cross sections at 1.5 and 1.75 eV:
it rises with increasing angle, more than the calculated result
at 1.5 eV but less than that at 1.75 eV. The experimental
cross section also agrees well with the 1.75 eV calculated
cross section around 30°, both rising steeply with decreasing
angle. These points of agreement strongly suggest that the
calculation of Winstead et al. [7] describes correctly the elec-
tronic part of the problem and that very good agreement
would be obtained if the Franck-Condon width of the =
resonance were taken into account. The Franck-Condon
width is substantial because the temporary occupation of the
antibonding 7" orbital lengthens the C=C bond. There is a
small difference in that the experimental cross section peaks
at 95° and the theoretical cross sections at 85°. The present
shape is also in good agreement with the calculations of Tre-
visan et al. at 1.8 eV [9], which include the effects of nuclear
motion in the resonant 232g symmetry with an adiabatic nu-
clei treatment of the C=C stretch mode.

The angular distributions in Fig. 2 were visually extrapo-
lated to 0° and integrated to yield the integral and
momentum-transfer cross sections listed in Table 1. The
present data agree within error limits with the measurements
of Ref. [4]. At 5 (5.1) eV the present data are close to the
average of the ANU and the Sophia data of Ref. [4]. The
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TABLE 1. Integral (ICS) and momentum-transfer (MTCS) elastic cross sections (A2). The error bar of the
present data is +20%, that of Ref. [4] 20%—-25%, and that of Ref. [1] =1.4 AZand +1.1 A%at1.5and 5 eV,

respectively.
Energy (eV) 1CS Total CS MTCS
Present Ref. [4] Ref. [7] Ref. [1] Present Ref. [4] Ref. [7]
1.5 19.3 16.3% 14.6 21.9 18.2 16.8* 13.6
5 20.2 17.0° 20.7 22.1 16.4 13.3° 16.3
5.1 22.9% 18.5%

Sophia data.
PANU data.

present energy-loss spectra recorded at several scattering
angles indicate that the cross section for the excitation of all
vibrations together (including all overtones and combination
vibrations) is about 10%—15% of the elastic cross section, at
both 1.5 and 5 eV. The present data are thus in very good
agreement with the grand total cross sections of Sueoka and
Mori [1], which are 14% and 9% higher than the present
elastic data at 1.5 and 5 eV, respectively.

B. Excitation of the @ 3Blu triplet state

Cross sections for triplet excitation were obtained by re-
cording energy-loss spectra at the discrete incident energies
of 6, 10, 15, and 20 eV, correcting them for the instrumental
response function, evaluating the areas under the elastic peak
and the triplet band, and then normalizing to the absolute
elastic cross sections described in the previous section.
The excitation functions in Fig. 3 were measured at the
energy loss of AE=4.2 eV, but were normalized to express
the differential cross section (DCS) integrated over the
entire  Franck-Condon width of the triplet band (AE
=3.2-59 eV).

The present results are somewhat higher than the previous
[16] values, but the two measurements are within the =35%
confidence limit given in Ref. [16]. The present and the pre-
vious curves agree well in shape. This is particularly encour-
aging because the 0° and 180° curves in Ref. [16] were ob-
tained with a different technique, using a magnetically
collimated spectrometer with a reflector for electrons scat-
tered into 180°, and with electron time-of-flight resolution.
The shape of the present cross section at 0° agrees well with
the relative measurement using a magnetically collimated
spectrometer of Love and Jordan [14]. The peak around 7 eV
in the cross sections was assigned to a 2(7r, %) core-excited
resonance [14-16].

The calculations of Sun et al. [10] reproduce the main
qualitative features of the experimental shapes: the cross sec-
tion at 90° consists of a shoulder above threshold and a broad
resonant peak, which is at 7 eV in the experiment and about
8.5 eV (at 90°) in the calculation. Such a shift of resonances
to higher energy is commonly found with calculations that
do not take polarization into account. The resonance shifts to
higher energies with increasing angle. The cross section at
180° has a broad hump in the about 8§—14 eV range. The
calculated cross sections of Sun et al. are about 60% larger
than the experimental values, however.

In contrast, the present calculations yield cross sections
that are similar in shape to the earlier results but agree much
better in magnitude with the experimental data. Agreement is
particularly good in the immediate threshold region, while
the peak in the cross section continues to be placed some-
what too high in energy. Above about 8 eV, the calculated
results become larger than the experimental values and begin
to exhibit sharp structure due to pseudoresonances. Both fea-
tures may be attributed to the calculation treating as closed
electronic channels that are in fact open. The quality of the
calculation continues to deteriorate with increasing energy,
and accordingly results are shown only up to 10 eV.
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FIG. 3. (Color online) Cross sections for exciting the @ B,
triplet state, summed over all rovibrational transitions. Dash-dotted
lines show the calculated results of Sun et al. [10], dashed lines the
present theoretical data.

042715-4



ELECTRON SCATTERING IN ETHENE: EXCITATION OF...

0.2

>
P I T O W T 1

0.1F A Vs

w00
= |
£ 0.08f
3 |
& 0.04k
g ]
© ool
[N E=5.7eV T
0.081- " ™ R _
aaetag o .
<% T
0.041- B
I ’ium.?.:...““ |
000 ————— ]
[T T T T T T [ T Y |
0 30 60 90 120 150 180
Scattering Angle (deg)

FIG. 4. (Color online) DCS for the excitation of the @ °B;, state
shown as a function of scattering angle. Dash-dotted lines show the
calculated results of Sun er al. [10] (at 5.5, 7.5, and 14.5 eV),
dashed lines the present theoretical data (at 5.75 and 7 eV), and
dotted lines the calculation of Rescigno and Schneider [11] (at 6, 7,
and 15 eV).

The elastic peaks (and vibrational energy loss spectra—
see the next section) and the triplet energy-loss bands were
then measured in 5° intervals in the three overlapping angu-
lar intervals as above and connected together to give the
curves shown in Fig. 4. Corresponding integral and
momentum-transfer cross sections are given in Table II. The
shapes of the angular distributions are compatible with those
measured ten years ago, including the 180°:0° ratios, al-
though a very different technique was used to obtain them.
The principal features of the shapes of the curves agree well
with the available calculated results—the cross section at 5.7
eV, below the core-excited resonance, is slightly forward
peaked, the cross section at 7 eV, at the core-excited reso-
nance, is slightly backward peaked and reminiscent of a d
wave, with a maximum around 90°, and the cross section at
15 eV, above the core-excited resonance, is strongly back-
ward peaked. The larger experimental values of this work

TABLE II. a 3Blu integral and momentum-transfer cross sec-
tions (A2).

Energy (eV) Experiment Calculation
ICS MTCS ICS MTCS
5.7 0.444 0.388 0.470* 0.443%
7.0 0.655 0.713 0.552 0.583
15.0 0.181 0.249

At 5.75 eV.
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FIG. 5. (Color online) Contributions to the @ *B;, excitation
cross section from ZBzg and 233u symmetries, calculated with (solid
lines) and without (dashed lines) inclusion of polarization effects.

compared to the earlier work improve the agreement with
earlier calculations in terms of absolute magnitudes, but the
calculated values are still larger, particularly at 15 eV. How-
ever, the discrepancy at 5.7 and at 7 eV is removed by the
present calculation.

Two of the three main symmetry contributions to the cal-
culated integral cross section for @ *Bj, excitation are shown
in Fig. 5. For comparison, the same contributions obtained
without polarization effects (by deleting all closed-channel
configurations from the variational space) are also shown.
The sharp rise at threshold is seen to be due to the szg
contribution. As pointed out by Rescigno and Schneider [11],
2Bzg is the symmetry of the 7" shape resonance in the elastic
channel, and the threshold rise may thus be attributed to the
high-energy tail of that resonance decaying into the triplet
excitation channel. Inclusion of polarization dramatically de-
creases the magnitude of this contribution to the excitation
cross section, consistent with the resonance shifting lower in
energy and the triplet threshold thus falling farther out in its
tail. Overestimation of the szg contribution in earlier calcu-
lations that omitted polarization [10,11] appears to account
for the discrepancy between those calculations and experi-
ment.

The second major contribution to the excitation cross sec-
tion comes from B, symmetry and peaks several eV above
threshold. Inclusion of polarization has only a small effect on
the magnitude of this contribution but shifts the location of
the peak lower by about 2 eV, to near 9 eV. Although some-
what too high in energy, this feature is of the correct sym-
metry to support the previous assignment of the experimental
peak near 7 eV to a (m,7?) core-excited shape resonance
[14-16]. The third main contribution to the triplet cross sec-
tion, not shown in the figure, comes from *B,, and rises
monotonically from threshold until the onset of pseudoreso-
nances above 10 eV.

C. Vibrational excitation

The selected vibrational excitation cross sections shown
in Fig. 6 are compatible in shape with those measured at 90°
by Walker er al. [32]—they are dominated by the 2B2g o

042715-5



ALLAN, WINSTEAD, AND MCKOY

0.06— ethene 180°

0.04-

2xC=C stretch |
0.02~

0.00—

S
o
T

Cross Section (A%/sr)

<
—
T

1xC=C stretch -
00 ~~——————"———————————— = -

0 2 4 o6 8 10 12 14 16
Incident Electron Energy (eV)

FIG. 6. (Color online) DCS for the excitation of one and two
quanta of the C=C stretch vibration v,.

resonance discussed above in connection with the elastic
cross section and with near threshold electronic excitation,
and known already from the early transmission work of Bur-
row and Jordan [33]. The broad band peaking around 7.5 eV
was assigned as a 2Ag o resonance by Walker er al. [32].

Figure 7 shows the known [32] boomerang structure of
the 232g 2(r*) resonance in more detail. The structure be-
comes deeper for higher overtones, as already observed by
Walker et al. [32], and similarly to other molecules, for ex-
ample N, and CO [34].

Finally, Fig. 8 shows two representative angular distribu-
tions for the excitation of the C=C stretch vibration in the
ZBzg 2(7*) resonance region. The shape of the curves is
strongly reminiscent of a d,. wave, consistent with excitation
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FIG. 7. (Color online) DCS for the excitation of two, three and
four quanta of the C=C stretch vibration v, in the range of the 7"
resonance.
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FIG. 8. (Color online) DCS for the excitation of one and two
quanta of the C=C stretch vibration », (AE=0.201 and 0.400 eV,
resp.), shown as a function of scattering angle. Inverted empty tri-
angles (V) indicate the data of Walker er al. [32].

via the szg (77) shape resonance. The absolute values agree
well with the earlier results of Walker et al. [32].

IV. CONCLUSIONS

The present cross sections for the excitation of the triplet
(7, 7") state are slightly higher than those of Ref. [16], the
difference being probably due to an imperfect determination
of the instrumental response function in the earlier work. But
even the new measurements are substantially lower than
those obtained by previous ab initio theories. This discrep-
ancy is removed in the near-threshold region by the present
calculation. The probable reason for this is easy to under-
stand. The cross section near threshold is dominated by the
232g symmetry of the elastic-channel shape resonance, and
the sharp threshold rise of the excitation cross section is due
to the tail of that resonance. When polarization effects are
included, the resonance moves down in energy, the triplet
threshold thus lies farther out in the tail of the resonance, and
the 232g contribution to the excitation cross section decreases
dramatically. These results thus illustrate the important effect
that polarization can have on electronic excitation cross sec-
tions, as recently emphasized by da Costa et al. [12,35].

The present work extends the measurements of the elastic
cross sections to larger scattering angles and to lower ener-
gies. Very good agreement is found with recent calculations
which take into account target polarization.
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