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Analysis of gross vibrational-rotational energy-loss spectra in Li-N, collisions
with the hard-potential model
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The energy-loss spectra in large-anglé+N, scatterings are analyzed with the hard-potential model re-
cently proposed, along with the previous hard-shell model. The respective roles of rotational and vibrational
excitations are revealed through systematic comparisons of experimental spectra with the models in a wide
range of energie68—100 eV} and angleg40°-1209. The effect of vibrational excitation is found to manifest
itself in the shifts of double peaks. Their energy dependence is accounted for by the shape of the equipotential
surface as well as by the vibrational suddenness in a collision. The peak position is shown to be sensitive to the
curvature of the surface at the orientation angle of 90°, hence to the three-body potential. The unacceptable
result of a previous semiclassical calculation is suggested to come from the inappropriate potential taken.
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I. INTRODUCTION [7,8]. Several theoretical works have been done for analyzing

More than two decades ago, Beck and co-workers prc)ghe spectra, though restricted to the lower enerdiEs

posed thehard-shell modefor rotational excitation in colli- <17eV) Ampng. thlem. is the CT calculatiop6] with a
sions of an atorrfor an ion with a diatomic moleculd1]. model potential, indicating that the double-peak structure ob-

The model treats the molecule as a classical rigid rotor witI‘?ﬁrvefd IIS dcl)mlln?ted bﬁ’ rotattjlonal (alx0|tat|0n. dQuatmuTh ”t]ﬁ
the ellipsoidal surface accounting for the emergence of ghanhical caicuiations have been also carried out wi €

rotational rainbow through the instantaneous torque. Becaué@ﬁnitle' order su_dde;_n ari%roximgtig]ﬁ], the qlilstort_edl-vzave
of its simplicity, the model has been widely applied to theMPUISE approxima ion(10], an € semiclassical time-

energy-loss spectra with individual vibrational-rotational lev- correlation-function methofll1,12). However, none of them

els left unresolved?2,3]. According to Massey’s criterion has reproduced the measured spectra satisfactorily; no sys-

with the collision timer.,, however, vibrational excitation tematic ynderstandlng has been given yet all through the
observations.

should be also crucial to the spectra when the collision en- . _
ergy is as high as 10-1@V In the present paper, we make a systematic analysis of
In a recent papef4], we have developed a model of an 9955 energy-loss spectra f°r+&iN.2 scatterings in a wide
ideally sudden character for rotatioreahd vibrational exci- range of energies and {;mgles. Using a fe'?"s“c potential, we
tations; it is a natural extension of the hard-shell model to alculate the spectra with the hard-potential model and with
vibrational-rotor molecule. In thikard-potential modelthe he hard-shell model. To_make the *’?‘”a'y.ses sounder, we also
energy-loss spectra are analytically related to a deformabl&®" out the CT calculations for a vibrational-rotor molecule
shape of the equipotential surface at the collision energy. I;‘{md for a r|g|d—rotc:jr mtor:et%u'e' Thg resultsé of tgesihcta;:cula—
leads to a spectral profile of double pedkstational rain- lons are compared wi € expenme[ﬁg | and wi €
ghrevious semiclassical calculatiga?]. It is revealed how

bows for a homonuclear molecule, though their position the effects of rotational and vibration| itati ifest
are affected by vibrational excitation. It is demonstrated in € efiects of rotational and vibration! excitations manites

the classical trajectoryCT) calculation[4] that the spectra themselves in the spectra and how the spectral profiles vary

are reduced to the hard-potential model when the vibrationa‘i\”t_rl]_rfhe er][ﬁr%y, thfe alnglle,t_and the %Otent't?l'd in the foll
period 7, is artificially taken asr,j,> 7y, While reduced to € methods of caiculations are described In the follow-

the hard-shell model when,;, < 7. This finding suggests ing section. We examine the systematic spectral behaviors in

that the combined application of the two models would beSec. Il and analyze the previous experimental and theoreti-

useful for analyzing the mechanism of vibrational-rotationalc.al result_s in Sec. IV. Concluding remarks are given in the
excitation through the spectral profiles. final section.
For Li*+N, collisions, the energy-loss spectra have been
measured at large scattering angles in a wide range of center-
of-mass energies such Es4—17 eV[5,6] and 57—280 eV Il. METHODS OF CALCULATIONS

The interaction potentia¥(r,x,R) in Li*—N, collisions
has been obtained by severab initio calculations

*Electronic address: mooming@phys.ge.cst.nihon-u.ac.jp [7,13-15,20 as a function of the relative distancgthe ori-
"Electronic address: ichimura@pub.isas.ac.jp entation angley (x=cosy), and the bond lengtiR. How-
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ever, their results are inappropriate for the present analysis oy
because the and R dependences are poorly given for the 50 R
short-range repulsive force. Instead, we construct the poten- ~ |

. = 20

tial as a sum of two-body and three-body terms. The two- =

body Li*-N potential is taken in the Yukawa form as NG

V@ (p)=Aexp(-p/\) with A=230 eV andr=0.32 A from 5

the statistical electron modEgL6]. The three-body correction 2

arises because the electron cloud in the middle of the two N

PYTRMNONNNS
atoms is pushed out when they form an Molecule, hence 8 1 12 14 is 18 2
mimicked by an average &f?’ over the orientations as r (angstrom)
VO(r,R) = 49AN Sinl-<5)exp<— L) (1) FIG. 1. Intermolecular potentia(r,x,Reg) for Li*+N, in the
' rR 2\ YA collinear (x=1) and isosceles triangulax=0) configuration with

. the three-body strength af=0.2 (solid lineg and with =0, 0.1,

whered'is a strength parameter to be adjusted. This form is,,q g 3(dashed lines They are compared with the SCF calculation
similar to that proposed by Tanuneaal.[17] in the analysis  [7] (solid circles.

of Na*+N, collisions. The N—N bonding potential is taken
in the Morse form as U(R)=Ug{exgd-2(R-Reg/Bo]
-2 exi—(R-Reg)/ Bol} with Upy=9.8 eV, Ri=1.10 A, and
Bo=0.37 A.

In view of the comparison with experiments, we calculate
the energy-loss spectrum at a fixed scattering aéiglen the
laboratory frame and convolute it as

The equipotential surfaces Bt=16.8 eV are plotted in Fig.
2. Itis seen that the curvaturexat O is sensitive tad. A cave

is formed by the pairwise potentialé? but filled in by the

three-body correctio’v®. In particular, the surface witld

=0.2 gives a convex shape. The additiord? is crucial to

the spectra as demonstrated below.

do 1 4o . Figure 3 shows the inelasticity functionskst 16.8 eV. It
Jed(] = f de ml A€ =€), (2) is seen that the rotational inelasticity,(x) takes a maxi-
€0%%ab/ ae  Jo € B2ab mum atx~ 0.6 and a vanishing minimum at=0 andx
where the energy transfeXE is scaled ase=AE/E. The =*1. The maximum value decreasesamcreases, reflect-

instrumental functionl (¢ —¢) is taken in the Gaussion INg & more isotropic shape of the surface. However, the total

form with the full width of half maximum(FWHM) of Ae.  inelasticityq(x) takes a maximuntyy,,, atx=+1 and a mini-

The width is taken in common among the model and CTMUM Qi at x=0, both contributed exclusively from vibra-

calculations for respective spectra so that the comparisorfional excitation. In fact, they are expressed from &) as

are made on the same ground. The spectra shown below are 2 2

normalized ast(e) =[(do/ 0 ey J/[dor/ Ay, . m( NI 5R> Q= T( NI 5R>
In the hard-potential modé#], the specta are determined M avior M\ avior

by theinelasticity function g(x) on the equipotential surface . _ ) .

at the collision energy with the equilibrium bond length with the ma_Jor(mlnor) semlaxusru(ri) of the surface. In

Req The inelasticity is decomposed into the rotational andhese equations, the numerator in the parentheses represents

vibrational contributions as|(x)=q,o(X) +Gy(X); the hard- & force upon vibration, while the denominator upon intermo-

shell model is derived by setting(x)=q,o(X). The conve- lecular repulsion. As observed in the figumg,,, is almost

. . ; . insensitive tos because the two-body termM? dominates
g:int expressions adapted to &) are given in the Appen the potential in the collinear configuration. On the other

hand,qi, rapidly decreases a$increases, almost vanishing
at 6=0.2. This is because the force upon vibration rapidly

r=r,x=+1 r=r  x=0

Ill. SYSTEMATICS OF THE SPECTRAL PROFILES

The inelasticity functiong(x) generally takes one mini-
mum and one maximum, which lead to a spectral profile with
double peaks—i.e., the nearly elastic peak and the deeply 0.5
inelastic peak. We examine their dependences on the poten-
tial and on the energy.

A. Effect of the three-body potential

The potentials/(r, x,Rey) by different values of the three-
body strengths are compared in Fig. 1 with a result of the
self-consistent fieldSCH calculation[7] in the collinear
(x=1) and isosceles triangulaix=0) configurations. It is FIG. 2. Equipotential surfaces for 14N, at E=16.8 eV with
seen that the potential is sensitived@t x=0, while insen-  the three-body strength af=0, 0.1, 0.2, and 0.3. The surface ex-
sitive atx=1. The SCF potential in the energy rangef pands ass increases. The equilibrium nuclear positions in &fe
=10-100 eV is well reproduced by the strength&f0.2.  shown by open circles. Scales are shown in A.
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—
N

FIG. 5. Equipotential surfaces for 1+N, at E=2.1, 16.8, and
q 134 eV. Open circles indicate the equilibrium nuclear positions in
N,. Scales are shown in A.

e -’

———
- peak is almost insensitive @ while the nearly elastic peak

FIG. 3. Inelasticity functions fofLi*+N, at E=16.8 eV using Moves widely towards smaller as & increases. These fea-
the three-body strength af=0 (upped and §=0.2 (lower). In re-  tures are derived from the behaviors@fi(x) and q(x) de-
spective panels are plotted(x) (solid curve$, q(x) (dashed scribed above. It is also seen that the spectra given by the
curves, andgy,(X) (dot-dashed curves vib-rotor (rigid-rotor) CT calculation almost follow those by

the hard-potentia(hard-shell model, though giving notice-
decreases as, increases and also because the force due table shifts towards smalles for the deeply inelastic peak.
V® acts to shorten the N-N distanfgee Eq(1)] while V@  This last point is related to the suddenness in a collissee
to elongate. the following subsection It is further noted that the experi-

Figure 4 shows the energy-loss spectr&afl6.8 eV with  mental spectrum is well reproduced by the vibrational-rotor
6,2o=90° in the model and CT calculations, together with theCT calculation with the potential a¥=0.2 but not at all with
experimental spectrurf6]. It is seen that, in the hard-shell 5=0. This result confirms that the former potential is realistic
model, the deeply inelastic peak moves towards smales  and that the three- body correction is essential. We use the
é increases, while the nearly elastic peak is located identipotential with5=0.2 through the analyses below.
cally ate=0. In the hard-potential model, the deeply inelastic

B. Energy dependence

5 Figure 5 shows the equipotential surfaces at three energies
in a geometrical progression. As the energy increases, the
A of Y&\ surface shrinks almost uniformly to give a more anisotropic
a8 \‘ shape, convex &=2.1 eV and 16.8 eV but slightly concave
. ) ® aroundx=0 at E=134 eV. The inelasticity functions at the
I Loy Q three energies are shown in Fig. 6 along with the lower panel

in Fig. 3. Corresponding energy-loss spectragi=90° by
X the model and CT calculations are shown in Fig. 7 along
01 02 03 04 05 06 with the lower panel in Fig. 4.

In the models, the energy dependence of the spectra
comes exclusively from that af(x) (see the Appendijx As
seen from the figures, in the hard-shell model, the deeply
inelastic peak moves towards largefas E increases. This
behavior reflects the increase of the maximumagig(x),
which is due to the increase of the anisotropy in the surface.
In the hard-potential model, on the other hand, the nearly
elastic peak moves towards largeras E increases. This
behavior reflects the increase of the minimungir), which
is related to the decrease of the surface curvatuxe @t It is

FIG. 4. Energy-loss spectfde) in 'Li*+N, atE=16.8 eV with  noted in addition that, ai varies, the nearly elastic peak is
Olap=90° using the three-body strength 8£0 (uppe) and 5=0.2 almost unmovedat E"’O) in the hard-shell model and so is
(lower). Thick solid (dashedl curves indicate the hard-potential the deeply inelastic peatat e~0.39 in the hard-potential
(hard-shell model, while thin solid (dashedl curves show the model. Consequently, the model derives a shift due to vibra-
vibrational-rotor (rigid-rotor) CT calculation. The FWHM of con- tional excitation more conspicuously at lower energies for
volution is Ae=0.10. Solid circles indicate the experimental spec-the deeply inelastic peak and at higher energies for the nearly
trum [6]. elastic peak.
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TABLE I. Rotational and vibrational suddenness parameters at
different energies£.

E (eV) WrotTeol Wyib Teol Fig. No.
q 2.1 0.09 3.2 Fig. 7
8.4 0.10 1.6 Fig. 9
16.8 0.10 1.1 Figs. 4 and 8
57 0.10 0.60 Fig. 9
99 0.11 0.46 Fig. 9
134 0.14 0.40 Fig. 7
q The findings above are understandable in terms of the
suddenness in a collision. The rotational and vibrational sud-
denness parameters are introdu¢édl 8 and estimated in
Table | using respective angular frequencies,; and wy,)

o . . together with a collision timer,, given by a passing range
FIG. 6. Inelasticity functions fofLi"+N, atE=2.1 eV(uppe) 2. |t is expected from the table that rotational excitation
and 134 eV(lower). In respective panels are plottegx) (solid fully occurs through the energies becausg ., <1 (rota-
curves, dpofX) (dashed curvesandqp(x) (dot-dashed curves tionally suddei, though getting less perfect &increases.
Through the spectra shown, the rigid-rotor CT calculationln addition, at the highest energ§34 eV), vibrational exci-

almost follows the hard-shell model though a small deviation@tion also fully occurs becauseyi e < 1 (vibrationally

) i ) . . . ) sudden. This situation is near the sudden limit,— 0 de-
is noticeable at higher energies. The vibrational-rotor CT cal cribed by the hard-potential model. In reality, while the ex-

culation indicates a good agreement with the hard—potentiif i Isive force/( R) d ture f th
model for the nearly elastic peak but a remarkable deviatio ern$b|mpu |S|ve r(])rc rh,x, cagsesfa eparture from the
for the deeply inelastic peak; the latter shows a good acco€aUiliPrium lengthRe, the restoring forcdJ(R) acts as a

dance at the highet energg34 e\) but a wide shift at the brake on vibrational excitation during a finite collision time

lowest energy(2.1 eV). At E=2.1 eV, the vibrational-rotor ~ 7cok Thus, vibrational excitation takes place less conspicu-

CT calculation rather obeys the hard-shell model. These peusly ask decreases, reflecting worse vibrational sudden-

haviors reflect the energy-dependent effect of vibrational exness. At the lowest energf2.1 eV), vibrational excitation

citation. This effect is also confirmed in the comparison be-:‘_ﬁrdly. occ.urs_b%caus%,ibgcg>ﬁ (vki]brztior?alllly agialbati):
tween the rigid-rotor and vibrational-rotor CT calculations; ﬁ/Sltlaaéuon IS ekscrr]l eh yg_fe farr] 3 € Imp ?' . K
they show a difference more significantly Bsncreases. € add aremark that the shiit of the deeply inelastic pea

between the hard-shell and hard-potential models is dimin-
ished asE increases(see Figs. 6 and)7 In consequence,
even atE=134 eV, the shift between the rigid-rotor and
vibrational-rotor CT calculations is as small as 10% of the
maximum energy loss in spite of good vibrational sudden-
ness.

IV. RESULTS AND DISCUSSION

A. Analysis of experimental spectra

Experimental energy-loss specf{&-8] at different ener-
gies and angles are compared with the model and CT calcu-
lations in Figs. 8 and 9. It is seen that the spectra measured
; persistently indicate a profile with double peaks and that they
----- . are well reproduced by the vibrational-rotor CT calculation.

Figure 8 along with the lower panel of Fig. 4 shows the
spectra in a wide range of anglé,,=60°, 90°, and 120°at

S E=16.8 eV. It is seen that the angle dependence is virtually
-0 0.1 0.2 0.3 0.4 0.5 0.6 explained by the hard-potential model, where the spectra are

FIG. 7. Energy-loss spectri(e) in “Li*+N, at 6,,=90° with  derived from a common inelasticity functiay(x) (see the
E=2.1 eV (uppeb and 134 eMlowen). Thick solid (dasheticurves  lower panel in Fig. B In particular, the deeply inelastic peak
indicate the hard-potentiaihard-shell model, while thin solid ~moves towards larger with the angle according to the kine-
(dashedl curves show the vibrational-rotérigid-rotorn CT calcula- ~ matical relation of Eq(A4), which gives the approximate
tion. The FWHM of convolution is\e=0.10. scaling behavior with 1-co&,, It is further noted that the
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FIG. 8. Energy-loss spectfée) in ‘Li*+N, with E=16.8 eV at
Olap=60° (upped and 120°(lower). Thick solid (dashed curves
indicate the hard-potentialhard-shell model, while thin solid
(dashed curves show the vibrational-rotérigid-rotor) CT calcula-
tion. The FWHM of convolution isAe=0.067 for 6,,=60° and
Ae=0.13 for 64,=120°. Solid circles indicate the experimental
spectra 6].

relative heights of the double peaks vary with the angle. In
the measuremen6] and in the vibrational-rotor calculation,
the deeply inelastic peak is high@bwer) than the nearly FIG. 9. Energy-loss spectri{e) for (a) ‘Li*+N, at 6,,=60°
elastic peak at 60fat 1209. This trend is explained by the with E=8.4 eV (uppe), (b) °Li*+N, at 6,,=60° with E=57 eV
hard-potential model, though inperfectly, as coming from the(middle), and (c) °Li*+N, at 6,,=40° with E=99 eV (lowen).
Jacobian for solid angle elements between the center-of-mag#ick solid (dashedi curves indicate the hard-potentidard-shell
and laboratory frames. In fact, EGA3) indicates an increase model, while thin solid(dashed curves show the vibrational-rotor

(a decrea%of the Jacobian with IncreaSIng at 60° (at (I’Igld-rOtOl’) CT calculation. The FWHM of convolution if\e
1209). =0.067 for(a), 0.050 for(b), and 0.025 for(c). Solid circles indi-

Figure 9 shows the spectra in a wide range of energieSate the experimental speci@ for (a), [8] for (b), and[7] for (c).

(E=8-100 eV at ,,=40° and 60°. The measurement at Note that the experimental spectrum (w:b_ is ac_companied ine
E=8.4 eV[6] indicates a spectral profile much more like the >0.12 by an extra bump due to electronic excitatioae(7)).
hard-shell model than like the hard-potential model. ThiSenergy_k)SS spectra B=4—-17 eV andlerived gross profiles
comparison means that the spectrum is dominantly contribwith double peaks. However, they are not quite alike the
uted from rotational excitation. It is explainable with the vi- measurements], in particular at larger angles. As a typical
brational suddenness parametereggr.,>1 (see Table).  example, the spectrum @f,=90° withE=16.8 eV is shown
On the other hand, the spectra measurdd=s%7 eV[8] and  in the lower panel of Fig. 10, where the deeply inelastic peak
99 eV [7] evidently depart from the hard-shell model and calculated by them is widely shifted towards higher energy
behave rather like the hard-potential model. This means thd@ss in comparison with the experiment. Such a deviation

vibrational excitation occurs conspicuously, explainable withdoes not occur in the present analyisiee the corresponding
wyibTeol< 1 (see Table)l spectrum shown in the lower panel of Fig. 4t has been

unclear whether this unacceptable result is due to the method
of dynamical calculation or to the potential taken.
To get insight into this problem, we apply the hard-
The soundest theoretical analysis fot N, collisions so  potential model with the sam&taemmler-Billing potential
far has been made by Vilallonga and MichE2]. They de-  that Vilallonga and Michd12] took in the TCF calculation.
veloped the time-correlation-functidCF) method[11] us-  As seen from the figure the model derives a spectrum similar
ing the Magnus expansidi9] for vibrational excitation and to the TCF calculation, reproducing the deeply inelastic peak
a sudden approximation for rotational excitation along withat e=0.53 and a slightly concave structure arousw0.45.
the classical trajectories for intermolecular motion. TheyThese observations suggest that the potential taken was re-
took a potential calculated by Staemml|@0] and fitted by  sponsible.
Billing [21] with the Legendre expansion. Applying these To further illuminate this point, we plot the inelasticity
methods, Vilallonga and Michd12] have analyzed the functions by the Staemmler-Billing potential in the upper

B. Analysis of a previous calculation
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tematic comparisons of the experimental spectra with the
model and CT calculations. The spectral profile and its en-
ergy dependence are related to the shape of the equipotential
surface. The effect of vibrational excitation manifests itself
in the shifts of double peaks. The nearly elastic peak is sen-
sitive to the surface curvature at the orientation angle of 90°,
hence to the three-body potential; the deeply inelastic peak
reflects the vibrational suddenness in a collision. It is found
that rotational excitation is dominant at lower energies
(<10 eV), while vibrational excitation is remarkable at
higher energie$~100 e\). The unacceptable result of a pre-
vious semiclassical calculation by Vilallonga and Micha is
suggested to come from the inappropriate potential taken.
The combined application of the hard-shell and hard-
potential models has been demonstrated to be useful for ex-
amining how rotational and vibrational excitations contribute

FIG. 10. Analysis with the Staemmler-Billing potentf@1] for ~ t0 the spectra and how the spectral profile varies with ener-
the energy-loss spectrum Tii*+N, at 6,,,=90° with E=16.8 ev.  gies, angles, and potentials. The analysis in this way will be
In the upper panel are plotted the inelasticity functiag(®) (solid ~ Promising for different diatomic molecules including hetero-
curve, gui(x) (dashed curve and q,,(x) (dash-dotted curye In nuclear ones.
the lower panel are plotted the results of the experinightsolid
circles, the time-correlation-function methodl2] (a thin solid
curve, the hard-potential modéh thick solid curvg and the hard-
shell model(a thick dashed curyeThe spectra in the models are e are grateful to Professor S. Kithlagoya Institute of
convoluted with the FWHM ofle=0.083. Technology and Professor H. Tanunm{@okyo Metropolitan

University) for valuable discussion and for giving us the un-
panel of Fig. 10 and contrast them with the spectra shown ipublished data. We thank to Professor K. Takayanagi and
the lower panel. It is seen that the deeply inelastic pealProfessor Y. ItikawdlSAS) for their suggestions in the early
comes from a maximum af(x) at x=*0.7 while the can- stage of this work. Acknowledgments are extended to Pro-
cave structure arises from a contribution arowmd:1. The  fessor S. YabushitéKeio University) for his comments on
latter is accounted for by a “step” structur2?], which ac-  potential calculations. Numerical calculations have been
companies the deeply inelastic peak wheyidix| <0 atx  done at the computer center of College of Science and Tech-
=+1. These features are obviously far from the presentology, Nihon University.
analysis, where g/d|x| >0 near|x|=1 and the maximum
appears atx=t1 (see the lower panel in Fig. 3 foE
=16.8 e\J. While giving similar g,,«(x), the two potentials
derive completely differeng,;,(x); their potential leads to a
rise as|x| departs from 1, while ours to a steep fall. It is thus  The convoluted energy-loss spectruiiq. (2)] at the
concluded that the unacceptable spectra obtained in the TA&boratory angled,, is written as an integral over the equi-
calculation [12] are ascribable to the character of the potential surface,

Staemmler-Billing potential relevant to vibrational excita- <

ACKNOWLEDGMENTS

APPENDIX: ENERGY-LOSS SPECTRA IN THE HARD-
POTENTIAL MODEL

tion. It is also remarked that this difficulty in the potential is
not remedied by the proceduf&2] of reducing the vibra-
tional coupling strength because it does not alter the func- . o ) .
tional form of gip(x). where the integrand is given by a composite function(od
The potential originally obtained by Staemmigo] is  and
almost consistent with ours used in the present analysisiz(q.e O)
However, his calculation was applied only to the equilibrium " 2

do 1 ds
= —F(q(x); Al
o dﬂuab>Ae j_l dx > a(x);€6a), (A1)

bond lengthR,, except at the orientations of=0 and x _ A (1+971-€(@]lale(@ -9
=+1. Hence, we guess that the poor sampling points lead to Q) | ~ 167|(1+q)V1-€(q) - qcosd (q)|
the inaccurate fitting potentig21] for vibrational excitation. (A2)
with the Jacobian for solid-angle elements
V. CONCLUDING REMARKS o, 2
Q) _[sing(q) 1
We have analyzed the energy-loss spectra f-N, scat- A0 |+~ \ sinf ) co36 (@) — Ol (A3)
al € al al

terings for a wide range of energigE=8-100 eV and

angles(6,,=40°—-1209. The respective roles of rotational In these equations, the scaled energy-loss and the center-of-
and vibrational excitations have been revealed through sysnass angle are determined as
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+qgu. The surface element and the inelasticity function are

. 2q - . T
€ ()= 1 +q)2[1 +G SIN? flap — COSBlap\ 1 = TSI B0, given by a representatiar=rs(x,R) of the surface as
ds
(A4) —= ZWquu(x) VUA(X) + (1 = x3)u'2(x), (AB)
dx
cosﬁ*(q):—Lsin2 Biab 2 2,112
V1-€(q) 2 v (X) + (1 = xHu"(x)

40 = 11U (A7)

3 u%(x) + (L =xHu’(x)’

“ .
+ COs’glab\/l T1-€( SIn’ G, (AS) whereu(x)=rs/Req andv(x)=drs/ dR at R=Req, with m and
M denoting the inter- and intramolecular reduced masses,
where u is the projectile-to-target mass ratio afeq+x  respectively.
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