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Low-energy electron scattering from GH, isomers: Differential cross sections
for elastic scattering and vibrational excitation
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Absolute differential cross sectiofi®CS9 for elastic and vibrationally inelastic scattering of electrons from
C;H, isomers(allene and propynehave been determined by a crossed-beam experiment in the energy range
1.5-100 eV and over the scattering angles between 15°-130°. The relative flow method was applied to
normalize these cross sections, using helium as a standard. Clear evidence of the strong isomer effect has been
observed in DCSs for both elastic and vibrational excitation processes, and the isomer effect still conspicuously
persists in total elastic cross sections. Two resonance regions where the vibrational cross sections are strongly
enhanced are observed in both allene and propyne below a few eV, while both the DCSs become identical at
higher energies, hence weakening the isomer effect. More details of the observed mode selectivity are dis-
cussed based on the selection rules for vibrational excitation via a shape resonance as well as on an argument
based on the angular correlation.
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I. INTRODUCTION sizable isomer effect in ionization processes. Hence, it is
interesting and in fact important to study the isomer effect in
For hydrocarbon molecules, as the number of carbon atther processes at different energy regimes.

oms increases, in general, the number of isomers increases In the 1970s, Kuppermann and co-workers studied exten-

even faster. However, the;8, molecule is known to pos- Sively allene[12] and propyne[13] by the electron-impact
sess two stable isometric-molecular structures, i.e., allengPectroscopy. In these papers, the history of investigation of
(propadiene; HC—C—CH,, two double bonds and pro- bot_h the optical-absorption and_ the electron-scattering ex-
pyne (methylacetylene; HEEC—CHj,, triple and single perlments_ has_ been_ well described. But, almost all earlier
bonds. It is obvious that isomers always show conspicuoudhvestigations including these have only focused on the as-

differences in various physical and chemical properties, puplgnment of .electronic excitatio.ns when compared to the op-
Phy brop tical absorption and the theoretical data, except that of Dance

e g Walke8 nd Van Ve and Platengd o ave
| gt ic struct fthe | Thi d all i Studied vibrational excitation of the ground electronic state

electronic structure of the isomers. This would allow us O\fia temporary negative-ion formation.

provide the general guideline of systematic understanding o

) ) In this paper, absolute DCSs for elastic scattering and
dependence of electron-scattering dynamics to molecules. \iprational excitation are presented in the incident electron

As a part of a series of experimental studies for determm—energy range from 1.5 to 100 eV and for detection angles
ing absolute cross sections by electron impact, we extend 04fom 15° to 130°. In addition, some details of the observed
previous investigations for the isomers ofH [1]. In the  mode selection in the vibrational excitation are briefly dis-
present study, we intend to elucidate the bonding effect ofussed from the point of view of applying the angular-
the isomers, and compare these with the prototypes oforrelation theory of Andrick and Redd5]. Theoretical re-
the most simplest double-and triple-bond molecules sucBults for elastic cross sections are compared with the present
as GH, (H,C=CH,, a double bond[2,3] and GH, measurements.

(HC=CH, a triple bond[4,5] although these earlier studies

did not particularly shed light on the isomer effects. To our

knowledge, there are only a few experimental works avail- |I. EXPERIMENTAL AND THEORETICAL APPROACHES

able on two cisand transisomeric structures of the
2n-butene GHg by low-energy electron-impact spectros-
copy [6—9]. But, no quantitative differential cross sections The experimental arrangement and procedure used in the
(DCS9 of the two isomers of ¢gH, have been measured, and present DCS measurements were similar to those in previous
furthermore, they have not been compared with the elastistudies[16]. Briefly, electrons from a 180° monochromator
scattering and vibrational excitation from a viewpoint of theintercept an effusive molecular beam at right angles, and
isomer. Recently, Deutschetal. [10] have measured scattered electrons are energy analyzed in a second 180°
electron-impact ionization cross sections of two isomers ofpherical system. A number of tube lenses in the spectrom-
C;Hg (cyclopropane and propeneand have claimed that eter have been used for imaging and energy control of the
contrary to the earlier repoftll], they have not seen any electron beam whose characteristics were confirmed care-

A. Experimental methods
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TABLE I. Molecular properties of allene and propyf20]. tical by adjusting the pressure behind the nozzle so as to
maintain approximately equal gas Knudsen numbers. The in-
Allene Propyne elastic cross sections are normalized to the elastic ones by

using the measured inelastic to elastic intensity ratios. The
electron energy scale was calibrated with respect to the

Molecular structures

H\ , H y H 19.367 eV resonance in He, and, for vibrational excitation, to
C=C=C N H—C‘EC“—C’QH the 229 resonance of i Experimental errors are estimated
H/ H H to be, at most, 15—20 % for the elastic DCSs and 30% for the

vibrational and electronic excitation cross sections. The pu-
rity of gases used is 96% for allene and 98% for propyne, in

D4 symmetry Cs, symmetry addition to that of He with 99.999 95¢4.8]. We believe that
the major part of impurities in allene and propyne come from
Bond length (A) and angles another isomer.

C—H 1071 C¢—H 1112 The scattering spectrometer is operated in two ways. For

c—C 1.335 C'—H 1060 the measurements of the angular dependence for the excita-
c—c? 1458  tion processes, the intensity of the scattered electron signal is
c—c! 1.207 counted as a function of energy loss at a fixed impact energy

£H—C—H 113°=*1° LH—C—H 108.4°  and scattering angle. To study resonances in vibrational ex-

citations, for instance, the analyzer is set to transmit only
signals corresponding to a specific energy-loss channel as a
function of impact energy.

Dipole moment (D)
0.2 0.77

fully by electron trajectory calculations. To keep the trans- B. Theoretical model

mission of the electrons constant in the lens system, the pro- The theoretical approach employed is the continuum
grammable power supplies control the driving voltages Ofmultiple-scattering(CMS) method, which is an efficient
some lenses. Both the monochromator and the analyzer affodel for treating electron scattering in polyatomic mol-
enclosed in differentially pumped boxes to reduce the effeckqles [19]. In short, the CMS divides the configuration
of the background gases and to minimize_ the stray electrogpace into three regions: region I, the atomic region sur-
baquround. The target molecular beam is produced _by efr'ounding each atomic sphefepherical potentia)sregion I,
fusing GH, through a simple nozzle with an internal diam- the interstitial region(a constant potentigland region I,
eter of 0.3 mm and a length of 5 mm. The spectrometer anghe outer region surrounding the molecule. The scattering
the nozzle are heated to a temperature of about 50°C t@art of the method is based on the static exchange with the
reduce any possibility of contamination during the measurezsymptotic dipole-potential model within the fixed-nuclei ap-
ments. The analyzer can be rotated around the scattering cefroximation. The static interaction is constructed by the elec-
ter covering an angular range from10° to 130° with re-  tron density obtained from the CMS wave function, and the
spect to the incident electron beam. The overall energyiara-type free-electron gas modél] is employed for the
resolution of the present measurements was 35-40 meV, afgcal-exchange interaction, while the dipole interaction is
the angular resolution was1.5°. This energy resolution is gnsidered for only terms proportional to2.

not sm_Jfficient to resolve rotational excitations or individual  \yjith these assumptions, the Sctirger equation in each
vibrational modes(including the 11 and 10 fundamental egion is solved numerically under separate boundary condi-
modes and their overtones for allene and propyHewever, tions, By matching the wave functions and their derivatives
within the limited energy resolution, three compound peakgrom each region, we can determine the total wave functions
are observed at 0.12 elC—H bending vibrations, mainly, f the scattered electron, the scatterBignatrix, and hence,
v4), 0.24 eV(C—C stretching vibrationssg), and 0.38 eV the scattering cross section. This approach has been tested
(C—H stretching vibrations, + vs+ vg) in allene. Only two  extensively and is known to provide useful information on
weak peaks are separated from the elastic peak at 0.17 §¥e underlying scattering physics. Further, the CMS method

(C—H bending, mainly,v,), 0.27 eV (C=C stretching, s yseful for interpolation and extrapolation for guiding ex-
mainly, v3), and 0.37 eM(C—H stretchingvg) in propyne.  perimental data points.

Because many vibrational transitions in the peaks overlap, a

deconvoluf[ing procedL_Jre_ was emplo_y_ed to _determine the Ill. RESULTS AND DISCUSSION

cross sections for the individual transitions. Higher harmon-

ics and mixed vibrational transitions have been neglected Molecular structures and corresponding properties of al-
because the difficulties can be avoided. Absolute cross setene and propyne are listed in Tabl¢20].

tions were obtained by the relative flow techniqa&] using Allene is the simplest example of a cumulate or adjacent
helium as the comparison gas. The geometrical length of thearbon-carbon double-bond system. The ground electronic
molecules is roughly 3.85 A for allene and 4.84 A for pro- state is nonplanar with the GHplanes at 90° to each other.
pyne, respectively, although their widths are comparable imhe molecule then belongs to tie,y point group with the
size (1.79 A vs 1.80 A (see Table | for molecular proper- X'A; symmetry in the ground electronic state. Its ground-
ties). The densities for the two gases are assumed to be idestate electron configuration is 1)?(1b,)?(2a,)?(3a,)?
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(2b,)%(4a,)2(3b,)%(16)*(2e)4(3e)%(5a,)°, yielding the lowest 7 15
unoccupied orbitals&(7a*,7b*). The 22 and 3 molecu-

lar orbitals are each composed of two accidentally degener-
ate 7 or 7v* orbitals, respectively, thus four pairs of excited
states can be expected. According to Mosher, Flicker, and
Kuppermann12], two transitions with maxima at 4.28 and
4.89 eV were identified as singlet triplet excitations
(2e—3e; 1 3A; and 13B,) with splitting due to the inter-
action between the two perpendicular molecular orbitals. The
next low-lying transitions were also observed between 5.0
and 6.5 eV, and identified as spin-allowed but symmetry-
forbidden transitiong2e—3e; 1 'A; and 1'B,). Further-
more, a weak singletsinglet transition near 6.74 eV was
attributed to an electric-dipole-allowei *A; — 1 E transi-
tion. The 11 vibrational fundamental modes are classified in
the symmetry type$',;,=3a;+b;+3b,+4e, according to
Shimanouchi’s notatioh21].

Propyne is a hydrocarbon molecule with a triple bond,
and one of the derivatives of acetylene. The molecule be-
longs to theCs,, point group with theX *A; symmetry in the
ground electronic state. Its ground-state electron configura-
tion is

DCS (10"°cm?/sr)

0 60 120 180 O 60 120 180
(1a;)?(1by)%(2a,)%(3a,)%(2b,)%(4a,)?(3by)%(1e)”. Scattering angle (deg)

According to earlier workg8,13,24, shape resonance FIG_. 1._Experimenta[0) and calculated—) DCSs for elastic
with some oscillatory structures was observed at 3 eV, mor&cattering in allene.
than 1 eV above the corresponding resonance,ii,C Two .
transitions(a 33 * andb 3A:2e— 3e) lying below the onset th_e s wave only near zero energy. As the energy increases
of optical excitation were detected and assigned as triplets &ightly to 5 meV, the angular dependences show that the
energies of 5.2 and 5.8 eV. The optically allowed transition aPackward scattering decreases to be half the value of the
6.7 eV was due to a singlet valence excited statdorward scattering, i.e., a typicatwave character. Note that
(A; 135:2e—3e), and also two other states were assignedn the case of ¢Hg the contributions from the quadrupole
as singlet transitions andC (*A:2e—nso) at 7.0 and 7.2 and anisotropic part of the polarizability are negligibly small.
eV, respectively. The 10 vibrational fundamental modes ard he forward scattering becomes dominant by increasing the
classified in the symmetry typds,,=5a;+5e, according ©€Nergy in increments of 0._5 ev, vv_here_ a resonant_enhance-
to the Shimanouchi’s notatidi21]. Both allene and propyne ment has been observed in the vibrational excitation at 2.1
are weakly polar molecules, and as shown, display chara@V @s Will be seen in Sec. IlIB below. As the energy in-
teristic features of polar molecules in DCSs, i.e., sharp increases to 2-3 eV, the angular dependence changes to de-

crease in DCSs particularly at smaller scattering angles. ¢réasing trend toward smaller angles around the 20°-40°
region and the maximum shifts to smaller angles. At 5 eV,

the DCS becomes more isotropic, i.e., the forward scattering
has a tendency to increase and a weak minimum appears
1. DCSs for allene around 120°. With further increase in the energy, the DCSs
tshow common angular behavior, i.e., a steep increase toward

Figure 1 shows absolute DCSs for allene in the inciden : . o
. smaller scattering angles followed a broad minimum at 90°.
energy range of 1.5-100 eV and for scattering angles bel—.

. Lo L2 he new, but small hump, which shows up at 15 eV begins to
tween 15°-130°. The DCSs include vibrational excitation at_, . '
0.044 eV for the CCC deformation motiom() due to the shift toward smaller angles as the energy rises. At 100 eV,

e Co undulations in the DCS becomes apparent at the forward
limitation of the energy resolution in the present measure-

ments. At 1.5 eV, the DCS shows a weakvave character scattering side, which has been observed in other cumulate

that has a shallow minimum at 60° followed by a local maxi_hydrocarbons and fluorocarbons such gbl{: C4Fg, OCS,

mum around 90° and a slightly depressed part at 120°. B and so on due to the interferences of the scattering waves

. . ) rom the composite atoms in the molecules.
cause allene is a homopolar molecule, it may be suitable to
represent that the DCS tends to drop in the backward scat-
tering rather than to increase toward the forward scattering
for the following reason. According to the application of  Figure 2 shows absolute DCS for propyne in the incident
modified effective-range theory to electron-polyatomic mol-energy range of 1.5-100 eV and a scattering angle of 15°—
ecule (GHg) scattering as discussed fully by Merz and 130°. The DCSs also include vibrational excitation at 0.041
Linder [23], the cross section is isotropic and dominated byeV for the CCC bending motionfg), due to the limitation

A. Elastic scattering

2. DCSs for propyne
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100 feature is normally somewhat weakened, because the scatter-

3 3 ing results in the sum of resonant and nonresonant contribu-
tions. Contrasting to this, the resonances are more clearly
visible in the inelastic scattering such as vibrational excita-
tion as will be discussed in Sec. Il B.

Hence, with the exception of the DCSs from 1.5t0 5 eV,
it is concluded that the angular dependences for allene and
propyne are very similar to each other although minor differ-
ences do exist.

The present CMS results for elastic DCSs for both mol-
ecules are included in Figs. 1 and 2. General agreement be-
. E tween the theory and the measured result is found to be rea-
sonably good in the entire energy range, although their
degree of agreement becomes somewhat better as the impact
energy further increases. Regarding the experimental results,
the CMS results clearly show several structures attributable
to resonances below 5 eV. Particularly in 1-2 eV region, the
relatively strong feature is observed. The theoretical result
well reproduces this feature attributable to thevave char-
acter of the resonance.

DCS (10™"°cm?/sr)

10

0.1 3. Isomer effect

LBLALRALLY B R L e R

As apparent, the present DCSs for allene and propyne are
well distinguishable from each other particularly for small-

0.01 ||||| | P | I

0 60 120 1;30 0 60 120 180 angle scattering at lower energies. For example, at 3 eV, the
. DCS below 40° for propyne tends to increase at much higher
Scattering angle (deg) rate than that for allene due to the larger dipole moment. At

5 eV, the DCS for the allene shows the more pronounced
feature typical to thel-wave resonance, while that for the
propyne is more likep-wave shape. As the impact energy
S increases to 30 eV, both DCSs becomes nearly identical.
of the energy resolution in the present measurements. CF”_TF{ence, contrary to impact ionization study of REf0], the
pared to allene as shown above, at 1.5 eV a shallow minigirong isomer effect for elastic scattering is observable at low
mum shifts to a lower scattering angk0°) and a maximum  gnergies. Even for ionization process, we believe that if one
near 80° is pronounced, dawave character being clear. Its {rjes to measure ionization near threshold, then the isomer
d-wave characteristic shape is quite similar to the elastiGffect is expected to emerge because an ionized electron has
C;H, and N, cross sections, which are isoelectronic to eachgficient time to interact with the molecular field before it
other. With slightly increase of the energy, the DCSs becom%scapes’ and hence, it will be influenced by details of the

gentle but the forward scattering is still dominant at both 2gjifference of geometrical molecular structures and electronic
and 3 eV due to the permanent dipole moment althoughiates of the target.

weak. A weak hump emerges at 3.2 eV due to a shape reso-
nance, which is located around 6@fs will be shown in Sec.
[11B). With a further increase in the energy, the DCSs show
no undulation as a function of the scattering angles, showing
a monotonic increase toward the zero scattering angle at 4 Since allene and propyne have double and triple bond,
and 5 eV. Again, a weak structure shows up around 90° withiespectively, it may be interesting to examine if the any fin-
shallow dints near 70° and 120° at 7.0 eV. This energy corgerprint of the bonding effect on DCSs will appear in com-
responds to the position of a weak resonant scattering prgsarison with other hydrocarbons of the same number of the
cess, which enhances the vibrational excitatisee in Sec. bonds. GH, and GH, molecules have a double and triple
[1B). Above 10 eV, the angular dependence is similar tobond and hence, one may expect these to be good candidates
those of allene in general, i.e., a steep increase toward lowor this comparative study. Figures 3 and 4 depict DCSs for
ering scattering angles followed a broad minimum at 90°allene vs GH,, and propyne vs £H,, respectively. Above
However, the DCSs become less structured in the overaR0 eV and in the range 40°-50°, DCSs for allene apd G
scattering angles compared with those of allene. Moreovegnd propyne and {1, agree very well each other, while
both allene and propyne show some angular characteristicgnall but non-negligible discrepancies begin to appear at
below 4 eV, which have been attributed partially to the resosmaller scattering angles below 40°. For large scattering
nance through the trapping of the incident electron in arevents, the incident electron should penetrate inside the tar-
low-lying orbital (a temporary negative ion, for simplicity get, and this in turn receives stronger influence from the
called TNJ). In elastic scattering a characteristic resonantmolecular region where the electron density concentrates,

FIG. 2. Experimental®) and calculated—) DCSs for elastic
scattering in propyne.

4. Comparison with GH, and CH, vs propyne and
allene: The bonding effect
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i.e., double- and triple-bond region. The deviation in the
smaller scattering angle for propyne angHs should be due 4.
to the fact whether the molecule has a permanent dipole mo-
ment or not. For allene and,8,, the deviation at smaller
angles is much less because the dipole moment of allene is
smaller by a factor of 3 than that of propyne. The CMS T T T T T

results show much conspicuous difference in DCSs among wio o ™ f w2

these molecules, particularly in the scattering angle belowvhere the initial vibronic state of the molecuM is the
20°. Since DCSs for &4, and GH, molecules, and allene ground state with the symmetFy, andM* andM ~ present
and propyne are found to be quite different as discussedhe final excited state of the symmeffy and the negative-
good agreement seen for DCSs for allene an#i,C and  jon resonance of the symmetRyy,, respectively. Her&',;
propyne and gH, at larger scattering angles suggest thatandr,,, are the initial and the final angular momentum of an
there is the bonding effect, or the effect of the local chargdncident and a scattered electron, respectively.

distribution within a molecule, and as the scattering angle

decreases, the bonding effect weakens and a long-range in- 1. Allene

teraction takes over the role.

FIG. 4. Comparison of DCSs for propy(@®) and acetylenéx)

e+ M - M — M* + e

Figures %a)—5(d) show several energy-loss spectra of al-

o o lene measured with primary energies 2, 5, 7, and 20 eV at a
B. Vibrational excitation scattering angle 90°. At 2 and 7 eV, the energy-loss spectra

As mentioned in the experimental procedure, it was infor vibrational excitations are apparently enhanced, but no
general not possible to separate the individual vibrationaguch feature is found in the nonresonant energy region at 5
modes with the available energy resolution in the case o@nd 20 eV. Within the present energy resolution, three promi-
large molecules. But, some features for the vibrational modegent compound peaks are observed at 0.12@V-H bend-
can be predicted by applying the unfolding procedure to théng vibrations, mainlyy,), 0.24 eV(C—O stretching vibra-
observed composite energy-loss spectra, even in the case ttfns vs), and 0.38 eM(C—H stretching vibrations/; + v
10 and 11 vibrational excitations such as in allene and pro+ vg) at 2 eV, which are presented ag, vs, and vy,
pyne. Resonant electron scattering offers not only a diredtespectively, in Fig. &). At 7 eV, the energy-loss peaks near
means of probing normally unoccupied molecular orbitals0.24 eV have disappeared and a new feature emerges at 0.17
but also accounts for the observed selectivity of the prefereV (C—H bending vibrations The corresponding excitation
entially excited vibrational modes. According to Andrick and functions for the three energy-loss peaks v, andvg are
Read[15], electron scattering from 4El, may be illustrated represented in Figs.(§—6(c). There are two resonance re-
for a resonance process, gions centered near 2.1 and 11 eV igrandvg, as well as
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TABLE Il. Representations of the symmetry species of the

20550 T ® states involved in the resonances for allene.
1500}
2 2000 i
gm,_ R Vibrational mode Allowed
1000 p
500} e Vl' V7 1, 2
al Vi-V3 0, 2

1 1 A N |

I R N

(-;o.z 01 0 01 02 03 04 05 02 01 O 01 02 03 04 05 T - - -
Energy loss (V) Energy loss (eV) Of the outgoing wave in a molecular fixed system.
— T @ incident electron in the lowest-unoccupied molecular orbital
2suof 4 20 eV, 90° (LUMO) 1byy(7*), was accounted for by éBzg shape
30004 E .
resonance, the broad feature bemé/sg state formed by
g 2000- . trapping the incident electron in the next highex,drbital.
3 For allene, by analogy, we postulate that the first sharp
10008 peak happens through a resonance in which the negative-ion
R o state consists of a ground-state molecule plus an electron
02 01 0 01 02 03 04 05 02 01 0 01 02 03 04 05

Energy loss (eV)

Energy loss (eV)

temporarily trapped in the LUMO & (#*) or the next
higher orbital with the different symmetrya. As men-

FIG. 5. Energy-loss spectra for vibrational excitations at differ-tioned above these states were predicted previously by

ent incident energies for allene.

electron-impact spectroscofyt2]. Furthermore, molecular
structure calculations using the Gaussian program have

near 2.1 and 7 eV for,, , respectively. The former profile proved that the LUMO and the higher orbital are assumed to
shows a sharp resonance of intermediate lifetime, while th@ave e and a; representations. Note here that because the
latter is very broad and shifted to lower incident energy.next higher orbitals can be expected to arise from the eight
These are very similar to those of ethyld& propylend 1], excited states, the next higher states also belong to the same
and even to oxygen (£0) [24], which have the double symmetry as the LUMO. Therefore, teesymmetry repre-
bonding structure characteristics. In the prototype hydrocarsentation presents not only the lower shape resonance but
bon molecule GH,, its ground electron configuration and also the broader, higher one.

the unoccupied orbitals are Q;)Z(lblu)z(Zag)2 According to the selection rules postulated by Wong and
(2b1,)%(1by,)%(3ag)%(1bag)?(1bsy,)3(1hyym*)%(4ay)®.  Schulz[24], the symmetries of the preferentially excited vi-
Walker, Stamatoric, and Won[#] concluded that the first brational modes, into which the intermediate resonant states
sharp resonance at 1.8 eV, formed by accommodation of thdecay, can be given by the direct product as follows:

XTI, XT'te Ay, whereA, is totally symmetric representa-

03 tion and I' ,=I'ryXI'ry is due to general assumptions
about electron charge distributions in the resonant orbitals.
0.2 Hence, the number of vibrational modes can be reduced in
either case, the symmetry(A) or thea; symmetry(B), as
o1 4 shown in Table Il. Then, based on this symmetry analysis, a
least-squares-fitting procedui25] is employed to elucidate
0 the intensity of the individual mode at 2 and 7 eV as shown
) . - . in Figs. 7a) and 1b) and Figs. &) and 8b), respectively.
B 90° (b) These clearly illustrate that the first vibrational peak can only
S 0.06 | AE=024eV 7 be reproduced by taking into account vibrational modgs
= 004 | J vs, andwqq, all of which belong to representatian except
g T in case where the two other peaks contain more complicated
0.02 (-2.1eV - contributions for higher harmonics and mixed vibrational
o - v transitions. Despite the 11 fundamental vibrational modes in
—_— . . . which the allene molecule can vibrate, only a few modes
008 L 00° (© | have been observed. Note here thatithgmode is not listed
’ AE=038 eV in Table I. As pointed out by Wong and Sch{iz6]; Walker,
0.06 |- . Stamatoric, and Wonfg3]; Benott and Abouaf27]; and Gal-
0.04 |- - lup [28], a component of; symmetry is admixed to the
002 L T i resonances due to the interference of the direct nonresonant
7ev and resonant scattering. For thg, vq, v4p, andv,; modes,
0= ” p s 10 12 14 the form ', = (e+a,) X (e+a;) =2a; +b; +b,+2e is ob-
Impact Energy (V) tained, while for thea;, I' ,=(a; +a;) X(a; +a;) =4a; .

Finally, according to the angular-correlation the@ipl,

FIG. 6. Incident electron energy dependence for the vibrationathe symmetry representatidh,, of the scattered electron is
excitations at the three prominent loss peaks for allene.

again deduced from the direct product ruld&  6xI
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Energy loss (eV) FIG. 8. State-resolved energy-loss spectra by deconvoluting the

energy-loss peaks at 7 eV for alleri@. Assuming thal1,,=e and
FIG. 7. State-resolved energy-loss spectra by deconvoluting thgp) I'ry = a,.
energy-loss peaks at 2 eV for alleri@. Assuming thal = e and
(b) ry=ay. and 10 eV at a scattering angle 90°. While the general
energy-loss peak profiles are similar to each other, the vibra-
tional features are enhanced to be sharper at 3.2 eV. With the
either casegA) or (B), the scattered wave is expressed inPresent measurements as mentloned above, it was not pos-
glble to investigate the excitations of all the 10 individual

spherical harmonics associated with Legendre function . X .
[28,29 in a target fixed-coordinate system whose the al_normal vibrations for either the propyne or allene molecules.

lowed angular-momentum terms are listed in Table II. AfterThe two very weak peaks are separated from the elastic peak

transforming the fixed-coordinate frame to the Iaboratoryat 0.17 eV(C—H bending, mainly,v,), 0.27 eV (C=C

frame, the angular distribution is characterized by a series trrftﬁhmg’, rg‘?“”'y”és)- and 0-37deV(C.:_FH strftchlnicwe),

the Legendre functionB,(cos#) with a maximum value of which are indicated a8y, vs, andvg in Figs. @a)-10(c),
kmnax=4. Because many peaks in the spectra overlap, everr?SpeCt'Vely: Flgur_es 18-11(c) present the energy depen-
this procedure may still lead to mathematical instabilities.degce fortdlﬁerergttla! Cross Isecggps_rof three peaks vs, .
Therefore, the angular distributions in the decomposgd and vs at a scattening angie - WO resonance regions
vs, andwg are shown in Figs.@—9(d) only for a reference. centered near 3.2 and 7.5 eV are evident in their energy
The angular distribution for the, mode at 2.1 eV shows a dependence curves for thg, vs, andvy, modes at a scat-

weak minimum 50°-60° followed by a broad hump centereoIering angle 90°. In prototype hydrocarbon acetylene

o i . C,H,), a similar resonance feature, shifted to lower ener-
around 90°, characteristic of a resonahivave scattering, (_ 2872/ '
while a slightp-wave feature emerges at 7 eV. This is veryg'es’ was observed at 2.5 eV by Re#}, [8], [14], and at 6

similar to that of ethylene. It seems that other two angulare\g b>\//Andr|c an_d Hgllt[631_([)]. The prtomlr}er_1|t retson_r:lnce at
distributions cannot be reproduced by one single partiaf: eV were assigne g SYmmetry simiiar to nitrogen

wave but that several waves must be taken into account t IEN) th%t IS |soeiler'lctr|(|)n|c tth-E. MO and th hiah
the resonant part of the scattering amplitudes. n accordance with allene, the LU and the next higher

orbital for propyne in which the incident electron is tempo-
rally captured are postulated to have &8hda; symmetries
from the electron-impact spectroscofd4], as well as from
Energy-loss spectra for vibrational excitation in propynethe molecular structure calculation based on the Gaussian
are shown in Figs. 1@)—10(c) with primary energies 3.2, 7, program. The selection rule for vibrational excitation via

=I',), so thatl',,=e for (A) or I' ,,=a, for (B). Hence, in

2. Propyne
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S oz b FIG. 10. Energy-loss spectra for vibrational excitations at dif-

=z ferent incident energies for propyne.

172}

8 008 |- at the left of the first vibrational peak can only be accounted
for by including vibrational modesq and v,5, which be-
longs to thee symmetry. Here, it should be noticed that the

004 |- vg, vz, andvg vibrations are predominantly excited of the
0.1 T Y T Y T T 10 normal modes. Furthermore, the corresponding angular
(d) distributions of the scattered electrons are shown in Figs.
008 L v, 7ev - 13(a)—13(c), which could, in general, give much detailed in-
formation on the resonances. The DCSs for igemode
0.06 ] show characteristics oP,(cos#) with a resonantd-wave
) scattering; for thev; mode, P5(cosé) with a f wave being
predominantly excited; and for the; mode,P5(cos#) with
0.04 | .
ooz b ° | o1 |- 90° @]
. 0.08 |- AE=0.17 eV _
| L L 1 1 1
0 20 4 6 80 100 120 140 0.06 |- 7
0.04 |- .
Scattering angle (deg) 0-03 B 756V =
FIG. 9. Angular distributions for the individual vibrational tran- o T 7 7 p
sitions at the resonant energies for allene E o004 %" ®
9 : e 0T AE=0.27 eV
resonances and the angular-correlation theory have been aF—i 08 - 7]
plied to the vibrational excitation only via the 3.2-eV reso- = 002 |- A -
nance. The allowed vibrational modes and angular- § 001 |- 32eV .
momentum terms are listed in Table lll. Whereas in either o L. , ) ) ) rma
propyne or allene, the LUMO is represented by the same . . . — RE— .
symmetry 2, this symmetry for propyne is lower than that o1 . (©_
of allene because propyne belongstg, point group. This 0.08 |- AE=0.37 eV _
leads not to reduce the number of the allowed vibrational 0.06 L _
modes. In the case df,=e, the allowed vibrational modes
I, 0.04 |- —
are classified by the allowed angular-momentum terms for 0.02
the scattered electron in Table Ill. Note here that the cross r 7]
section for the broad resonance around 7.5 eV is too small tc 0 s 4 e = 10 Z 14
analyze. From this analysis, to investigate strong selectivity Impact Energy (eV)

in vibrational excitation via the shape resonance in some
detail, vibrational modes tentatively decomposed are illus-

FIG. 11. Incident electron energy dependence for the vibrational

trated in Figs. 1@&) and 12b). It is obvious that the shoulder excitations at the three prominent loss peaks for propyne.
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TABLE lll. Representations of the symmetry species of the
states involved in the resonances for propyne.

Allowed

1,2
0,1,2
0,1

| RO Vibrational mode

e V1-Vg
Ve-V10
a V1-Vsg

some mixed ofp, d, and f waves, respectively. These are
consistent with the allowed angular-momentum terms listed
in Table Ill. Again, the general trends are very similar to
acetylene for both energy and angular dependences for the
vibrational excitations.

A point to stress considering these resonance processes i<
a common feature about the scattering being dominated by
two resonance regions in which the vibrational excitations
are selectively enhanced in the double- and triple-bonded
hydrocarbon molecules such asH;, CsHg, CH,, and
C;H,. Likewise, from the present results, the sharp reso-
nance feature in the lower-energy region can be explained
systematically by a temporary trapping of the electron in the

16cm?/sr)

DCS (10

03

02

0.1

0.1

0.05

of

0.08

PHYSICAL REVIEW A 66, 032714 (2002

©)

3en* orbital of the G—C bond. While one broad maximum
of three single-bonded saturated hydrocarb@itd,, C,Hg,
C;Hg, and so omoccurs around the same position of 7.5 eV,
which is due to a capture of the electron in € antibond-
ing orbital of the G—H bond.
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FIG. 13. Angular distributions for the individual vibrational
transitions at the resonant energy for propyne.

IV. CONCLUSIONS

Extending the previous study of the prototype double- and
triple-bonded hydrocarbon,&, and GH, molecules to the
isomers GH,, absolute elastic DCSs have been determined
at incident energies of 1.5 to 100 eV and scattering angles
from 15° to 130°. These results are very similar to each other
at incident energies above 5 eV, while some differences
emerge below 5 eV suggesting rather strong isomer effects.
These differences mainly depend on the strength of a perma-
nent dipole moment, a resonance, or both. A comparison of
the present allene and propyne withH; and GH, mol-
ecules suggests the bonding effect, or the effect of charge
distribution of a molecule, at least, at larger scattering angles
above 40° and at higher impact energy above 20 eV. To the
best of our knowledge, these two effects are the first obser-
vation of these kinds, and are important for basic physics as
well as for applications.

In addition, the present results for state-resolved vibra-
tional excitations obtained by deconvoluting energy-loss
spectra provide detailed information on the resonant states.
In spite of the complexity of the molecules, the selection
mechanisms can account for quite simple excitation schemes
at the resonances. Theedype (C=C, C=C; «*) reso-
nances are assigned to be located at 2.1 eV in allene and at
3.2 eVin propyne, respectively. It is confirmed that the sharp

FIG. 12. State-resolved energy-loss spectra by deconvolutinesonances located near 2 eV are a common feature of the

the energy-loss peaks at 3.2 eV for propyf@. Assuming that
Fry=e and(b) I'ry=ay.

double- and triple-bonded hydrocarbon molecules. However,
comparing allene with propyne from viewpoint of the iso-
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mer, whereas several differences are noticeable, there is lesdges the warm hospitality extended to him by Professor S.
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