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Abstract

Cross sections for elastic scattering of low-energy electrons by tetrahydrofuran, a prototype for
the furanose ring found in the backbone of DNA, have been measured and calculated over a wide
energy range, with an emphasis on energies below 6 eV, where previous data are scarce. The
measurements employ a thin-aperture version of the relative-flow method, while the calculations
employ the Schwinger multichannel method with an extensive treatment of polarization effects.
Comparisons with earlier results, both experimental and theoretical, are presented and discussed.
A proper accounting for the strong permanent electric dipole of tetrahydrofuran is found to be

essential to obtaining reliable cross sections, especially at energies below 5 eV.

PACS numbers: 34.80.Bm, 34.80.Gs



I. INTRODUCTION

Since the demonstration by Sanche and coworkers [1, 2] that low-energy electrons can
induce DNA strand breaks, there has been considerable attention paid to electron collision
processes involving constituents of DNA. In particular, low-energy electron interactions with
tetrahydrofuran (THF), the simplest model of the furanose ring that links the phosphate
groups in the DNA backbone, have been studied intensively by both experimental [3—23] and
computational [21, 24-28] methods. These studies have provided valuable information about
processes relevant to understanding electron transport and reactivity in biological media, in-
cluding vibrational [4, 8, 11, 15, 18] and electronic excitation [3, 8, 11, 20, 22, 23], dissocative
attachment [5, 6, 10, 14, 19], electron trapping and reactivity in condensed THF [7, 11, 13],
and the elastic [8, 15-17, 20] and total scattering [9, 12, 21] cross sections. Although the
reported measurements of the elastic electron cross section are generally consistent, there are
some disagreements at higher energies; more importantly, data below 6 eV collision energy
are scant, with the only reported measurements being those of Allan [15]. Likewise, existing
calculations of the elastic cross section are in fair to good agreement with each other and
with experiment but do not cover the low-energy region well; in particular, our own previous
calculations [27] did not account for long-range scattering by the significant static electric
dipole moment of THF and were thus increasingly unreliable below about 5 eV.

In the present work, we have carried out measurements of the differential cross section
(DCS) for elastic scattering of electrons by THF at energies as low as 0.75 eV, as well
as calculations that incorporate both dipole-scattering corrections and a more extensive

treatment of target polarization effects than in previous work.

II. METHOD
A. Experimental

The experimental apparatus has been described in previous articles, e.g., Khakoo et al.
[29]. The electron gun and the detector both employ double hemispherical energy selectors,
and the apparatus is made of titanium. The spectrometer is heated by biaxial tantalum
wire heaters to about 120° C to promote stability against contamination by the target gas

or diffusion pump oil. The analyzer detector was a discrete dynode electron multiplier with



TABLE I: Molecular diameters, d, determined from gas flow rate vs. drive pressure measurements.

See Ref. [31] for details.

Gas Mass (amu) § (1078 em, £7%)
Hy 2.02 2.74
Ny 28.02 3.75
CoHy 28.03 4.95
Furan 68.07 5.24
CH3;0H 32.04 6.30
H,O 18.02 7.06
CoH5OH 46.07 7.15
iso-C3H;OH 60.11 7.35
n-CsH;OH 60.11 7.46
C4HzO (THF) 72.11 7.57
C4HsO (EVE) 72.11 7.84
n-C4HyoOH 74.12 8.23

an extremely low background rate of <0.01 Hz and the capability of linearly detecting up to
1 MHz of electrons without saturating. The remnant magnetic field in the collision region
is reduced to <1 mG by using a double p-metal shield as well as a Hemholtz coil that
eliminates the vertical component of the Earth’s magnetic field. Typical electron currents
were around 20 to 30 nA, with an energy resolution of 60 to 80 meV, full width at half
maximum (FWHM). The large current was desirable to speed up data acquisition time and
to obtain favorable scattered-electron count rates at higher incident electron energies Ej.
The electron beam was stable to within 20%, requiring minor tuning of the spectrometer to
maintain its long-term stability. The contact potential was determined before each daily set
of runs by monitoring the 2 %S He resonance at 19.366 eV [30], and we were able to calibrate
our Ej values to an uncertainty of +30 meV.

Elastic and vibrational energy-loss spectral peaks were measured at fixed Ej values and
electron scattering angles 6 by repetitive, multichannel-scaling techniques. The THF spectra
had a vibrational excitation feature lying close to the elastic peak, made up of several ring

bend modes, two C-C stretch modes, and a CH, bend mode within a broad line profile



[4, 15] that has a width of about 100 meV FWHM centered nominally at about 0.15 eV.
This feature was satisfactorily unfolded from the elastic line by fitting it to a Gaussian
profile. Typically this vibrational feature was about 5 to 10% as strong as the elastic peak,
but for large # and for Ey=10 eV and above, it rose to almost 30% of the elastic in many
instances. The angular resolution of the spectrometer was 2° FWHM. The electron detector
(analyzer) was equipped with a 5-element zoom lens plus a virtual aperture system that
made it possible to detect low energy electrons. The effusive target gas beam was formed by
flowing gas through a thin aperture source 0.3 mm in diameter, described previously [31].
This aperture system was covered with soot from an acetylene flame to reduce secondary
electrons and placed 6 mm below the axis of the electron beam, incorporated into a movable
source arrangement [32]. The movable gas source method has been tested previously in our
laboratory and found to determine background scattering rates expediently and accurately.
The range of drive pressures behind the source was about 0.07 to 0.09 Torr for THF and 0.9
to 1.1 Torr for helium. The pressure in the experimental chamber with this gas load was
about 1 x 10% Torr. The gas beam temperature, determined by the apparatus temperature
in the collision region, was about 65° C; however, in most of the gas handling copper tubing,
the temperature was 24° C, with the higher temperature found only in the last 4 cm of the
gas handling system before the gas exited into the collision region.

Based on our flow-rate vs. drive-pressure analysis [31], the gas-kinetic molecular diameter
of THF was determined to be 7.57x10~® cm, significantly larger than the molecular diameter
quoted previously, 4.68 x 1078 ¢m [15, 17]. Previously [33] we obtained a molecular diameter
of 5.6 x 107 c¢m for furan, and we note here that the dipole moment of THF, 1.63 D, is
larger than that of furan, 0.66 D, by a factor of 2.5 [34]; moreover, THF is more massive
(molecular weight 72.11 amu, vs. 68.07 for furan) and has H atoms above and below the
plane of the ring, while furan is planar. At this point we are convinced that the stated “hard
sphere” diameter is incorrect when applied to molecules, such as THF, that have dominant
long-range dipole-dipole interactions and inherently scatter anisotropically (mostly in the
forward direction, in the center-of-mass frame), as compared to hard spheres which scatter
isotropically. In Table I, we show a summary of molecular diameters ¢ determined from our
flow measurements, which are normalized by comparison with helium (§ = 2.18 x 1078 cm)
at the same temperature [35]. At low energy, the electron beam handling was made more

difficult due to space-charge broadening of the beam. Careful tuning had to be undertaken



to ensure that the beam was not striking the nozzle, but also that it remained stable crossing
above the nozzle.

Our elastic scattering measurements were taken at Ey values of 0.75, 1, 1.5, 2, 3, 5, 6, 6.5,
10, 20, and 30 eV for scattering angles ranging from 10° to 130°, similar to the range covered
in earlier work on water [31]. The uncertainties in the present DCS data (approximately
10% at most angles and energies) are taken to be the quadrature sum of the statistical
uncertainty and reproducibility of scattered electron counts (1 to 4%), an uncertainty in the
measured flow rates (5%, taken from the deviation in the gas pressure at the start and end
of each measurement), and the reported uncertainty in the literature DCS values for helium
(7%). The integral cross section (ICS) and momentum-transfer elastic cross section (MTCS)
were computed by extrapolating the measured differential cross sections (DCSs) to 0° and
180° using theory as an aid where possible. The extrapolation at forward angles used the
Born-dipole form of the DCS for a 1.63 D dipole moment and a rotational energy loss of
5 meV [4] below Ey=3.0 eV and the present calculation (see below) for higher energies. At
large 6, the present calculation was used for extrapolation. The contribution to the ICS from
the extrapolated Born-dipole forward peak is very large, leading to a larger error on the low-
energy ICS, roughly estimated by comparing to the results of “flat-extrapolating” our DCSs
to 0° and 180°. The uncertainty in the ICS estimated by comparing the flat extrapolation
with the Born-dipole extrapolation ranges from about 42% at our lowest energy, 0.75 eV
(where the dipolar forward peak is dominant), to about 24% at 30 eV. The uncertainty at
low energies is primarily governed by the energy loss used in the Born-dipole extrapolation,
which is not experimentally known. We consider 5 meV a value reasonably characteristic of

rotational excitation within the elastic-scattering energy-loss peak.

B. Computational

Elastic cross sections for electrons scattering by THF were computed within the fixed-
nuclei approximation using the SMC method [36, 37] as implemented for parallel computers
[38]. A general description of the method may be found in the indicated references, so here
we give only details specific to the present calculations. The molecular structure was taken to
be the conformer having C5 point-group symmetry, with bond lengths and angles optimized

at the level of second-order Moller-Plesset perturbation theory within the 6-31G(d) basis set



using the electronic structure package GAMESS [39]. Although this is likely the minimum-
energy conformer, the THF ring pseudorotates among local minima separated by small
barriers [40, 41]; however, in previous work [27] we found only small differences between the
cross sections obtained for Cy and C; tautomers.

The molecular ground-state wavefunction was described at the Hartree-Fock level within
the DZV++(2d, p) basis set as contained in GAMESS—that is, the double-zeta basis set
of Dunning [42] with diffuse s and p orbitals on the heavy atoms, diffuse s orbitals on the
hydrogens, two d polarization functions on the heavy atoms, and a polarization p orbital
on the hydrogens. Default exponents and splitting factors were used for these supplemental
functions. The (2 + y* + 2?) linear combination of Cartesian d orbitals was excluded
from the basis set. The Hartree-Fock ground state energy was -231.03449 hartree and
the corresponding dipole moment 2.03 D. For comparison, the energy we obtained in the
uncontracted pc-4 basis set, which should be within ~ 0.001 hartree of the Hartree-Fock
limit [43], is -231.07860 hartree, and the corresponding dipole moment is 1.981 D. The
experimental average dipole moment is 1.63 D [34], while the dipole moment of the minimum-
energy (probably Cs) conformer is 1.75+0.02 D [40].

Electron scattering calculations were carried out using the same DZV++(2d, p) basis set.
We first applied an orthogonal transformation to the Hartree-Fock virtual orbitals to obtain
modified virtual orbitals (MVOs) [44] using a +6 cationic Fock operator. In forming the
SMC variational space, we included the 143 doublet configurations that could be formed by
antisymmetrizing the neutral ground state with an MVO. To described target polarization
and dynamical correlation during the collision, we further included two-particle, one-hole
doublet configuration state functions formed from singlet-coupled single excitations of the
ground state plus an additional MVO. In this latter set, we allowed excitations from the
5 most tightly bound valence orbitals into the 20 lowest-energy MVOs, and from the 15
outermost valence orbitals into the 30 lowest MVOs, in each case coupled with all possible
MVOs. This resulted in variational spaces containing 26 027 and 26 016 configurations for the
2A and 2B representations of Cs, respectively. Calculations of comparable scale and using
the same basis set have been found to produce good results for similarly-sized molecules
such as propanol and butanol [45].

Electron scattering by a strongly polar molecule such as THF is heavily influenced by

the dipole potential, particularly at forward scattering angles and at low collision energies.



Because of this potential’s long range, its influence is difficult to capture fully in calculations
that rely on expansions either in partial waves or, as in the SMC method, in square-integrable
basis sets. Our previous results for THF [27] were not corrected for dipole-scattering effects
and thus not expected to be accurate at very low energy or small angles. In the present
work, we have applied the standard “Born completion” procedure [46], which in effect com-
plements the results of a high-level calculation for low partial waves with high-partial-wave
contributions computed in the first Born approximation for a point dipole potential. Our im-
plementation of Born completion represents the amplitude f (/Zm), Eout) for scattering from

initial wave vector k., to final wave vector k., as

Lmax
— -

f(kin7 Eout) = fBorn(kina ]Zout) + Z fSMC(Einu Lout) - fBorn(]Zinu Lout)7 (1)

Lout

where fsye is the result calculated with the SMC method, fgom is the first-Born result,
L = (¢,m) is a joint index for the angular momentum ¢ and its azimuthal component m,
and Lpax = (Umax, Tmax) 1S the highest partial wave retained from the SMC calculation.
The appropriate value of L., depends on the incident energy FEj. Ideally, there will be
a range of L values over which the SMC and first-Born partial-wave amplitudes coincide,
so that any L., within this range gives nearly the same corrected amplitude. However,
at very low energies we frequently find that there is no such range of insensitivity to Lyax,
probably because the limited spatial extent of the SMC wavefunction sets an upper limit
on the angular momenta that it can represent accurately, and this upper limit decreases
with decreasing collision energy. At low energies, therefore, we instead choose L., so that
the DCS at near-forward angles, which is dominated by the dipole-Born correction, joins
smoothly onto the intermediate-angle DCS, which is dominated by low partial waves from
the SMC calculation. In the present THF work, we used Ly.x = 1 at 0.75 eV; L. = 2
at 1 and 1.5 eV; L. =3 at 2 and 3 eV; L. = 4 at 5, 6, and 6.5 eV; and L., = 5, 6,
and 7 at, respectively, 10, 15, and 20 eV. For E; around 10 eV and higher, similar results
are obtained for several different values of L., while the cutoffs at smaller Ey are roughly

consistent with L.« ~ hRVZ |, where R is the molecular radius.
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FIG. 1: (Color online) Differential cross sections for elastic electron scattering by tetrahydrofuran.
The red circles are the present measured values. The solid green and dashed blue lines show the
results of the present calculations with and without the Born-dipole correction. The short-dashed

magenta line at 2 eV shows the measurements of Allan, Ref. [15].
III. RESULTS AND DISCUSSION

Table II lists the experimental cross sections from this work, while Figs. 1 and 2 show
the present measured and calculated DCSs along with previous experimental [15-17] and
theoretical [26] results. At most energies and angles, there is excellent agreement—within
the quoted error bars—among the various measurements (though error bars are not shown
for all data to avoid congestion). Exceptions are at 2 eV, where the results of Allan [15] are
somewhat larger than the present values in the forward direction; at 10 eV, where Allan’s
results are somewhat smaller in the backward direction than the present results and those of

Dampc et al.; and at 20 and 30 eV, where the various measurements agree qualitatively but
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FIG. 2: (Color online) As in Fig. 1, at higher energies. Additional measured results shown are
those of Colyer et al., Ref. [16] (violet squares), and of Dampc et al., Ref. [17] (cyan diamonds);

the calculated results of Trevisan et al., Ref. [26], are shown by the orange chained lines.

with more scatter in the numerical values. It is both interesting and encouraging to observe
that there is generally excellent agreement between our measured values and those of Colyer
et al. [16], even though their He/THF pressure ratio implies a much smaller hard-sphere
diameter for THF, ~ 4.8 x 10~® cm?, than that which we deduce.

Agreement between the present dipole-corrected SMC results and the measured DCSs
is good to excellent, depending on energy. Examination of the uncorrected SMC results,
also shown in the figures, indicates that the Born-dipole correction is critical to obtaining
even qualitatively correct results at the lowest energies, while at about 5 eV and above, the
correction is only significant at near-forward angles. We note that single-channel calculations
of the present kind tend to overestimate the DCS at higher energies and intermediate to

high angles The apparent close agreement of the SMC results at 15 and 20 eV with the



data of Dampc et al. [17] and also with those of Milosavljevi¢ et al. [8] (not shown) is
thus likely fortuitous, while the smaller values obtained in the present measurements are

probably closer to the true DCS.
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FIG. 3: (Color online) Differential cross sections for elastic electron scattering by tetrahydrofuran
at fixed angles as a function of the collision energy. The present measurements are shown by the red
solid line, the present calculated values (without Born-dipole correction) by the blue long-dashed
line, and the measurements of Ref. [15] (at 45° in the top panel, and at 135° in the bottom panel)

by the magenta short-dashed line.

DCS data collected at fixed angles as the collision energy is varied can reveal both the
presence of shape resonances and possible changes in resonant behavior with scattering angle.
Fig. 3 shows the elastic DCS measured in this “excitation function” mode at three scattering
angles. Also shown are the present calculated results and previous data measured by Allan
at the same or nearby angles [15]. Though overall agreement among the different datasets

is good to excellent, some differences in detail are evident. In particular, the DCSs obtained
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by Allan are smaller than the present results at larger angles and higher energies, while the
calculated results at 55° and 125° differ somewhat respecting the shape and position of the
peak that, in the measured data, is centered near 5 eV. Although it is tempting to interpret
the peaks seen in Fig. 3 as resonances, complications must be borne in mind: not all peaks
are resonant in origin, while resonances can appear not only as peaks but also as windows
or other structures. Indeed, Allan [15] has suggested a nonresonant origin for the observed

features.
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FIG. 4: (Color online) Symmetry components of the calculated integral cross section for elastic
electron scattering by tetrahydrofuran, corresponding to the two irreducible representations of the
Cqy point group. The Born-dipole correction for near-forward scattering is omitted from these

results.

Further information about possible resonances may be gathered from Fig. 4, which shows
the contributions from the 24 and 2B components of the SMC ICS computed in the C,
point group. At low energy, we find maxima at about 0.75 eV in 2B and 1.7 eV in 2A.
Similar low-energy peaks, nonresonant in origin, are seen in many other molecules, and we

do not associate them with resonances in THF. On the other hand, the overlapping maxima
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at about 7.5 eV (24) and 8.0 eV (2B) probably do arise from shape resonances, while at
still higher energies, the shoulder near 12 eV in 2B and the broad peak around 15 eV in
2A may also reflect short-lived shape resonances. We base these assertions in part on the
corresponding eigenphase sums (not shown), which are more or less flat in the low-energy
range but show broad rises in the ~5 to 8 eV and ~12 to 15 eV ranges. Similar results
were obtained in earlier calculations. Trevisan et al. [26], who assumed Cy, symmetry for
THF, found a broad peak in the ICS near 8.6 eV that arose from overlapping 2A; and 2B,
resonances, while our own previous study [27] showed a peak at 8.3 eV and a shoulder at 13

to 14 eV, each arising from overlapping ?A and 2B features, as in the present case.
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FIG. 5: (Color online) Integral cross sections for elastic electron scattering by tetrahydrofuran.
Red circles are present measurements and solid green line the present calculation, both with Born-
dipole correction (see text for discussion); dashed blue line is the uncorrected calculation. Previous
measurements of Ref. [16] are shown by violet squares, and the previous calculation of Ref. [25]
by the chained magenta line. The total scattering cross section measurements of Ref. [12] are also

included for comparison (black open triangles).

Studies of electron-impact vibrational excitation of gas-phase THF have also indicated
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FIG. 6: (Color online) Momentum-transfer cross sections for elastic electron scattering by tetrahy-
drofuran. Red circles are present measurements and solid green the line present calculation, violet
squares the previous measurements of Ref. [16], and orange chained line the previous calculation

of Ref. [26].

the existence of shape resonances. The most recent work is that of Allan [15], which shows
peaks in the excitation of several modes at 6.2 and 10.8 eV. Earlier results from Dampc et al.
[18] showed resonant features in excitation of C—H stretching vibrations at 6.0, 7.9, and 10.3
eV, while Lepage et al. [4] had previously reported a peak at 8.3 eV that they interpreted
as arising from a core-excited resonance. Allan notes that his results do not rule out the
presence of a resonance at about 7.9 eV, which could be present but unresolved between
the 6.2 and 10.8 eV features. The vibrational-excitation data suggest that the present SMC
calculation places one or more resonances somewhat too high in energy; in particular, the
2A maximum at 7.5 eV in Fig. 4 may be associated with the 6.2 eV resonance, while the 2B
shoulder near 12 eV may be associated with the 10.8 eV resonance. The fixed-angle DCS
results at 125° (Fig. 3) also suggest the first A resonance may be placed too high. Previous

calculations [26, 27] with more limited treatments of polarization gave even higher resonance
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energies.

The integral and momentum-transfer cross sections derived from the present DCSs are
shown in Figs. 5 and 6, respectively, along with selected results from previous work. We note
that the fixed-nuclei elastic ICS for a polar molecule is technically divergent. The Born-dipole
corrected values of the SMC ICS shown in Fig. 5 are obtained not by considering rotational
inelasticity to make the forward DCS finite but simply by starting the integration of the
corrected DCS at 0.1° rather than 0°. The present measured and calculated results for the
ICS agree well with each other and with the previous measurements of Colyer et al. [16]. In
most cases, moreover, they are consistent with (that is, smaller than) the total cross section
(TCS) reported by Mozejko et al. [12] within the combined error bars, the exception being
at energies of 3 eV and lower, where the TCS does not exhibit the increase expected in a
polar molecule such as THF, perhaps indicating a failure to discriminate sufficiently between
unscattered electrons and those scattered through a very small angle. The various MTCS
results shown in Fig. 6 generally agree well, though the differences in resonance positions
discussed above are evident. Our calculated MTCS in Fig. 6 omits the Born-dipole correction
because the factor of (1 — cos ) makes forward scattering much less important to the MTCS
than the ICS.

To summarize, the present results show that excellent agreement between measured and
calculated differential cross sections for electron scattering by THF can be obtained even at
collision energies as low as 1 eV, but only if long-range scattering from the dipole potential
is included in the calculation. Both results obtained at fixed angles as a function of energy
and angle-integrated results reflect the existence of several shape resonances, and the present
calculations do a better, but still not fully satisfactory, job of predicting the resonance
energies than prior calculations. However, neither the measured nor the calculated results
indicate the existence of shape resonances in the 0 to 5 eV range that could be implicated
in dissociative attachment to THF. This result is consistent with the weak dissociative
attachment in fact observed in THF [10] and supports the hypothesis that the processes
responsible for DNA strand breaking by low-energy electrons involve initial attachment

elsewhere, most likely on the nucleobases.
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TABLE II: Differential cross sections and error estimates (10716 ¢cm?/sr) for elastic electron scattering by tetrahydrofuran. Integral cross

sections o1, momentum-transfer cross sections oy, and corresponding error estimates (10716 cm?) are shown at the foot of each column.

Extrapolated DCS values used to determine o; and o7 are shown in italics. The notation (n) signifies x10™.

Angle Energy (eV)

(deg) 0.75 1 2 3 5 6 6.5 10 15 20 30
0 2.45(6) 3.26(6) 4.90(6) 1.23(6) 9.53(5) 5.03(5) 3.36(5) 2.94(5) 1.06(5) 7.07(4) 7.95(4) 1.13(3)
1 9.12(3) 6.85(3)  4.57(3) 3.43(3) 9.53(3)  4.37(3) 3.98(3) 2.96(3) 1.09(3) 743 852 1.13(3)
5 366 275 183 137 142 155 156 144 67.1 63.1 85.8 116
10 91.8 68.8 45.9 34.4 35.8 471 6.6 52.7 529 11.7 341 35 380 3.6 51.9 4.8 557
15 40.9 30.7 20.5 15.3 175 40 255 27 284 27 333 54 251 35 240 27 269 28 228
20 23.1 195 25 162 15 988 101 116 1.1 142 18 173 16 202 3.1 168 24 143 1.5 150 1.5 10.1
25 177 26 119 12 977 100 568 059 748 105 101 1.1 111 0.8 121 19 979 097 742 081 7.74 0.77
30 10.8 1.7 7.40 0.78 6.37 0.58 4.24 041 5.54 066 560 0.62 690 0.53 819 1.17 6.46 091 511 0.63 3.62 0.33 2.69
40 5.19 0.83 3.49 037 3.39 032 268 0.28 299 0.29 336 033 3.55 029 398 043 285 043 234 0.26 206 0.19 1.71
50 2.99 048 208 022 233 0.21 223 020 269 025 2.86 0.27 284 0.15 276 0.34 212 028 205 026 1.71 0.21 1.26
70 1.63 0.18 148 0.15 261 025 231 0.22 239 030 160 0.16 1.8 0.11 1.70 0.16 135 0.14 1.56 0.15 1.16 0.11 0.718
90 1.23 0.14 153 0.15 250 0.23 1.62 0.16 1.18 0.14 1.15 0.12 1.51 0.10 1.46 0.18 1.70 025 151 0.14 1.00 0.10 0.479
110 1.74 0.20 1.56 0.17 182 0.17 135 0.13 1.07 0.11 233 0.22 277 018 237 0.26 222 0.29 1.67 0.15 1.12 0.13 0.565
125 1.26 0.11 1.35 0.13

130 159 0.18 124 0.11 1.20 0.15 150 0.16 1.69 0.18 2.56 0.27 277 0.18 2.57 0.32 248 030 200 0.25 1.36 0.13 0.875
140  1.81 1.13 1.20 1.58 1.90 2.47 2.48 2.32 2.59 1.92 1.50 1.00
150  1.98 1.06 1.03 1.72 2.01 2.52 2.37 2.20 2.95 1.97 1.64 1.10
160 2.11 1.03 1.06 1.79 2.04 2.77 2.54 2.34 3.91 2.35 1.86 1.24
170 2.19 1.02 1.03 1.80 2.03 3.08 2.90 2.68 5.12 2.93 2.18 1.45
180  2.21 1.01 1.03 1.80 2.03 3.24 3.09 2.86 5.69 3.22 2.34 1.56
o1 142 59 91.6 31.3 88.8 30.2 581 199 609 246 721 251 722 215 69.5 183 493 124 416 7.0 375 6.8 344

omt 23.7 40 186 24 227 30 215 28 215 35 282 38 310 34 286 5.0 305 39 237 32 188 24 107

11

5.2

2.2

0.9

0.27

0.18

0.12

0.067

0.045

0.050

0.101

8.4

1.3



