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Vibrational excitation of methane by positron impact: Computed quantum dynamics
and sensitivity tests
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We report the quantum dynamical close-coupling equations relevant for vibrationally inelastic processes in
low-energy collisions between a beam of positrons and the @blecule in the gas phase. The interaction
potential is described in detail and we report also our numerical technique for solving the scattering equations.
The cross sections are obtained for the excitations of all the modes of the title molecule and are compared both
with simpler computational approximations and with the recent experiments for the two distinct energy regions
that correspond to the combined symmetric and antisymmetric stretching modes and to twisting and scissoring
modes, respectively. Our calculations reproduce well the shape and the values of the experimental findings and
give useful insights into the microscopic dynamics for molecular excitation processes activated by low-energy
positron scattering.
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[. INTRODUCTION (v4) modes(see Fig. 1 and Tables | and).llThus, if the
polyatomic molecule is considered as having little vibra-

Vibrational excitation of molecules by electroe™() or  tional energy in the gas sample, the excitation processes
positron ') impact is one of the elementary processes ofcould be treated as occurring separately for the different nor-
interest in diverse fields such as gaseous electronics, plasria@l modes that carry different fundamental frequencies and
chemistry, planetary science, and astrophy$it®]. The belong to different symmetries. It is therefore interesting to
general picture usually employed to describe such process&y to understand, within this somewhat simplified picture,
qualitatively shows the incident projectile as distorting the"OW the separate excitation for each normal mode depends
electron cloud of the target molecule, which in turn exerts a
deforming force on the molecular nuclei, causing displace-
ment of the nuclear configuration from its equilibrium. In the X (O v1 Symm. Stretching
end, the projectile loses part, or all, of its energy into a vi- O
brationally excited state of the molecule. As a continuation v \
of our work on the vibrational excitation of polyatomic mol-
ecules in the gas phase, by positif@)4] and by electron
impact[5,6], we report in this paper a detailed study of com- \
puted cross sections for vibrationally inelastic scattering of /
positrons from methane (GH The use of a positron as a O N
projectile, instead of an electron, adds some interesting phe- I'4
nomena to the collision system considered. Needless to say,
an incident positron is distinguishable from all the bound

electrons of the molecular target so there is no effect from v Twisting
electron exchange contributions that need instead to be con- \

sidered in the case of electron-molecule collisions. Further-
more, a positron has the possibility of picking off one of the
electrons of the target, thereby forming a positroni(fPg
atom, provided that the collision energy is above the thresh- v3 Antisymm. Stretching
old for the Ps formation energy, which is 5.8 eV for the / \
e*-CH, system.

The CH, molecule belongs to th&, point group and has
four types of normal modes that describe its lower-lying vi-
brations, i.e., the symmetric stretching,§, the twisting N

v4 Scissoring

(v,), the antisymmetric stretchingy§), and the scissoring \O /

*Permanent address: 2-11-32, Kawagishi-kami  Okaya,
Nagano 3940048, Japan.

TAuthor to whom correspondence should be addressed. FAX: FIG. 1. Pictorial representation of the four normal modes for a
+39-06-49913305. Email address: fa.gianturco@caspur.it molecule that belongs to thE; point group.
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TABLE I. Vibrational modes of CH.

Frequency(eV)
Mode Expt? Calc. Symmetry Activity
v, (symm. stretch 0.362 0.390 A (Ty) Raman(R)
v, (twisting) 0.190 0.207 E (Dy) Raman(R)
v4 (antisymm. stretch 0.374 0.402 T, (Cy) Infrared (IR)
v, (scissoring 0.162 0.180 T, (Cyp) Infrared (IR)

&The recommended values based on experim&ds

on the feature of the specific mode involved without as yefprocesses of the; and ther; modes, as well as those of the
considering the mixing within the modes that are expected ta, and thev, modes, cannot be completely resolved by cur-
physically occur when “hotter” molecular targets are exam-rent measurements. Because of these difficulties, therefore,
ined. In particular, since they and thev, modes are infrared the experimental data need even more to be supplemented by
(IR) active, a long-range interaction due to an induced dipoldheoretical analysis, to better understand the complete picture
moment is expected to be effective for them, as opposed t8f the vibrational excitation dynamics triggered by positron
the v, and thev, modes that are instead Raméd®) active  Projectiles. o ] _
and involve no induced dipole contributions. Th_e present calcula_tlon is based on the f_lxed_ nuclear ori-
Total cross section6TCS9 for many types of atoms and €ntation(i.e., the rotationally suddgrapproximation[14].
molecules have been reported in the literatisee[7,8] and The wbragonal transition is t_reated Wlthln a closgd-couplmg
references quoted thergjrdue to the development of better ?a?l?%itgﬁggstze?hén pdoel;tlill:()lrr;]it??afrgltla?slvlgig\]/ :ﬁ?ﬂotﬂ'eltegﬁisé}
collimated positron beam®], while only recently the rela- ) , o
tive differential cross sections of elastic processes for, CH plrg]p ov?lzlshg)vred|artg$'(1:tg1dolgrc]gI%ﬂisg]:.ulsnszg) rtehhemérc])?r:y j'fggycross
have been reported over a large range of scattering angl ¥ P b

. ®ctions for the collisional excitation of the and thevy
(30°~135] [9]. In that case, however, the data still corre- j,qes  and we showed there that our calculations repro-

spond to quasielastitelastic scattering plus rotational and §,,ced well the shape of experimental findifg€]. In this
vibrational excitations cross sections because of the fairly paper, the calculations are extended to all the normal modes
large energy spread of their positron beams with a full widthang various theoretical features, which come into play at
at half maximum(FWHM) of about 2 eV. The development threshold energies for the inelastic cross sections, are exam-
of a novel experimental technique involving a magnetizedned. They allow us to get a better physical insight into the
beam of cold positrongLO] allowed measurements of abso- dynamics of the excitation process.

lute vibrationally inelastic cross sections for CO, £Gnd The details of the present theory and of the simplifications
H, [11] and also for CH [12]. The data have been collected used to analyze threshold effects are described in Sec. I,
for the first time at energies as low as 0.5 and up to severavhere our numerical techniques are also presented exten-
eV with a greatly improved FWHM value of 18 meV. These sively. In Sec. Ill we report on the final cross sections and
experiments have thus stimulated the interest of theoreticiaréiscuss their behavior with reference to various experiments
and spurred the formulation of computational methods tha@nd to other available calculations. We give our present con-
could provide explanation as to how the phenomenon is occlusions in Sec. IV. Atomic unitga.u) are used throughout
curring at the nanoscopic level. In the case of ke have the present analysis unless otherwise stated.

actually calculated vibrational excitation cross sectipfk
that reproduce well the experimental findirigs11], and the
same occurs for the case of the CO moledalk 13. As for Since the details of the present theory have been given
CH,, due to the higher resolution required, the excitationbefore[16,17], we provide the reader only a brief reminder

Il. THE THEORETICAL APPROACH

TABLE II. Range of internal coordinates for the four vibrational normal modes of .GHis the bond
length(A) of C-H,, 6;; is the molecular anglédeg of 2 H;CH;, B,g is the angledeg between the planes
of ~H;CH; and 2H,CH,. Vibrational displacements for the normal coordinates are given as
AR [(amu)?Al==1.

ry 2 s g 013 024 Bas
Req. 1.082 1.082 1.082 1.082 109.47 109.47 90.0
2 +0.502 +0.502 +0.502 +0.502
vy +58.18
V3 +0.557 +0.544 +0.540 *0.544
N +51.46 +51.46
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of them. In order to obtain vibrational excitation cross sec- kﬁzz(E_ EX“’), (4)
tions we need to solve the Scldinger equation of the com-
posite system at a fixed value of the total enelgyiere the  with E}* being the energy of the specific molecular vibra-
total Hamiltonian is given by tion we are considering. Any of the elements of the interac-
P P tion matrix in Eq.(3) is given by
H=H o+ K+V, (1)

~ ~ ~ (IvnV|I"v'n")
whereH o, K, andV represent the operators of the mo-
lecular Hamiltonian, of the kinetic energy for the scattered , N oo " "
positron, and of the interaction between the incident positron _,OEVO (N[Vigueln >f df X, (Fp)* X oo (Fp) X7y (Fp)
and the target molecule, respectively. Thg,, of this study )
only consists of the rotational and vibrational parts of the
more complicated, full molecular electronuclear Hamil-\yhere
tonian. Hence, we include no effect from possible electronic
excitations or from other reactive and breakup processes. In
other words, we assume that during the scattering the mo- <n|Vloyo|n'>:j dR{Xn(R)}* Vi 1), (7 o R){ xn (R}
lecular electronic wave function is always that of its neutral (6)
ground electronic statd,. It should also be noted here that
no Ps formation channel is considered throughout the presel¥hen solving Eq(3) under the usual boundary conditions,
calculations as it seems to be fairly negligible at the energiethe asymptotic form o™ s represented by a sum con-

. - I"v'n
below the Ps formation threshold of the collision system con+ajning the incident plane wave of the projectile and the out-
sidered. going spherical wave. Thus, the final integral cross section

We also assume that the orientation of the target moleculgyy the vibrationally inelastic scattering is given by
is fixed during the collision, i.e., we invoke what goes under
the name of the rotationally sudden approximation, since the T on
molecular rotation is usually slower when compared with the Q(n—n")= k—E > T lA (7)
velocity of the projectile at the energies we are considering. by
This is also called the fixed-nuclear orientatiFNO) ap-
proximation[14], and corresponds to ignoring the rotational

Hamiltonian inH,.,; of Eq. (1). Then, the total wave func-
tion could be expanded as follows:

where T:,”:,n, is the T-matrix element produced by the
boundary matchingj16].

The interaction between the impinging positron and the
molecular target is represented here in the form of a local
potential. Thus, it is described by the sum of the repulsive
\If(rp|R)=r;12 Upon(Tp) Xi(Fp) xn(R). (2 electrostatic ¥*) and the attractive positron correlation—

fvn polarization {/P°P) terms. Possible cancellations in specific
Here, x,, is the vibrational wave function of the molecule regions of space could oceur bgtween the two potenFiaI term;
because they have opposite signs, a feature specific to posi-

with its quantum numben=(ny,Nn,,...Ng,...,n7), whereT ; . :
represents the total number of normal vibrational modes Orfron dynamics that makes the resulting cross section to be

the target. The variable® andr, denote the nuclear geom- very sensitiye o the partigular form Mpq.) WhiChcpiS. being

etry and the position vector of the positron from the center Olerr]nployed n thfe calcu!aﬂon(sj. T? ob_taml the*® in thef

mass of the target, respectively. The unknawyy, functions S odrtelr ratngtta_ ? PgO,L,’)SE IS n;a €o aIS'Tp N parimeter- ree

describe the radial coefficients of the positron wave functio odel potentia EYD ased on an electron-positron corre-

and theX,, are the symmetry-adapted angular basis func—ﬁ%ﬁ’n etﬂer?y €% skug?esrt]ed by BOI‘OﬂSkII art1d N&rgmen

tions introduced earlier by U4.8]. The symbolv in Eq. (2) In the Tramework of a homogeneous electron '

globally stands for the indices specifying the irreducible rep- d

resentation ar_ld 'Fhose disti_nguishing it§ Qegenerate_members. V°°”(rp|R) = d_{p(rp| R)ge-p[p(rp| R)1}, (8)
After substituting Eq(2) into the Schrdinger equation of P

the total systenfunder the FNO approximatipnve obtain a . )

set of full close-coupling equations faf,, (7,) that now wherep denotes the undistorted electron density of the target

include vibrational channels. These are called the body-fixegorrectly obtained from many-body calculations. In our

vibrational close-couplingBF-VCC) equationg 4,16, implementation of this model, the short-rang€&" is con-

nected smoothly with the asymptotic formVR®) of its
[ d> 1(1+1) spherical componeri21],

_ LK2
ar? T kn}ulvn(rp)

p ao(R)
VP(rp|R) ~ — 0(4 €)
P or At [ 2rp
=2 > (len|V[I'v'n Y (ry), () b
IIVI !
! Here, ay is the target polarizability of the spherical compo-
wherek,, is written as nent denoting the dipole term.
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TABLE Ill. Computational details of the two-state BF-VCC calculation.

Normal Point Maximum number of

mode group l0.max | max coupled channels
121 Ty 24 12 A,=22,A,=8,E=28,T,=36,T,=48
vy D, 28 14 A=114,B,=112,B,=112,B;=112
V3 Cs 24 12 A=182,B=156
vy C,, 24 12 A;=98,A,=72,B,=84,B,=84

In order to obtain a better insight into the dynamical fea-where M'VO involves all the contributing electric multipole

L o 0
tures of vibrational excitation processes we expafmoc,io of moments of the molecule. With the use of the relat{@B)

Eqg. (6) around the equilibrium geometry of the target;  we can, therefore, examine the accuracy of this approximate

(14,22, picture through the evaluation of the leading contributing

moments to the above matrix element. This analysis will be

Vigro(FplR) = Vi, (M| Req) carried out below, after describing in detail our numerical
treatment.

N, (r |R)]

o¥or PIT'S

> Rs—R
2S [ (9Rs RS=R ( s eq)

eq. A. Numerical details

+ higher-order terms. (10) The target wave function of the electronic ground state for
CH, was calculated at the SCBelf-consistent fieldlevel

Thus, whenever we wish to consider a transition to a low-USing our familiar single-center expansion metfjad] ap-
lying excited state close to the initial state, the higher-ordefP!iéd to @ multicenter Gaussian-type orbite®TOs), and the
terms on the right-hand side of EQ.0) are expected to give 02sis set employed was provided by th&USSIAN 98 pack-
small contributions to the total vibrational matrix element29€[25]. We have chosen the GTO basis sets of D9fpe
and therefore could be ignored. In the present case, the mipat |_nvolves 46 primitive Gaussians contracted to 24 basis
trix element of Eq(6) could also be approximately evaluated functions ((9s5p1d)/[4s2p1d] for carbon, and (&)/[2s]

as follows: for hydrogen. It gives a total energy of-40.2006 a.u. at
Req., as reported in Table Il. The terms of the multipolar
/ / expansion of the interaction potential in ECp) were re-
(N|ViguIn'y=(nIVE, +VED In) =V, (1 |Req) B P P ®)

tained up tolg sy, and the scattered wave function of the
positron in Eq.(2) was expanded, with the inclusion of the

Vi, (rplR
+> {M (N[Rg—Reg|n’) lowest two vibrational statee=0 andn=1, up tolay,
S

IR R =R which yieldedK-matrix elements converged within 1%. For
s™ eq. e - . A
the specific information of all the required parameters and
+ VPP contributions, (11)  properties for each of the vibrations we study in the present
work, see Table Ill. In order to solve the close-coupling
where equations by means of standard Green'’s function techniques,
Eq. (3) is rewritten as an integral equatida \Volterra equa-
(n|Ry—Regln") ={[ (ne+ 1)/2 1728y ne1 tion: for details, see Ref26]). In the case of the;; mode

that belongs to thé\; irreducible representation, by fixing

the molecular symmetry to be that of tfig point group, the
+(Vng2) O’ n-1} I1 Sn/ .o (12 range of bond length of C-H was taken to vary from 0.87 to

H=s) 1.6 A in order to sufficiently take into account the effects of

the nuclear displacements froRy, for the lowest four vi-
brational levels. As for the other modes, the vibrational nor-
mal coordinate®R were taken to vary in the range of values
given in Table Il. For the asymptotic part of th&P, i.e.,
VPO we first obtain the values af, from a very large basis
set [27] that consists of (XBp4d3f2glih)/
[6s5p4d3f2glh] for carbon and (84p3d2flg)/
[5s4p3d2 f1g] for hydrogen and gives the, of 15.45 a.u.
atReq. (The computedy, as a function oRg, e.g., for the
v, mode is given in Fig. 2 and is labeled) 2Ve further

if we assume the molecular vibration to be harmdi#8].
The superscript “st” in Eq.(11) describes the global contri-
butions of the electrostatic potential through its multipole
moments, and we omit for the moment to write down explic-
itly the contributions from thevP® interaction. When the
incident projectile is sufficiently far from the target mol-
ecule, the term onéVO is given by its leading multipoles as

[14]

A 1,2M'V°0(R) normalize our calculations to the experimental valuengf
Vf:)yo(rpIR) ~ —(2| +1) rEat (13)  (17.54 a.u.which is known forR,, , and the result is shown
rp—° 0 Mo in Fig. 2 (curve no. ).
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0 . ———— ‘ _ 10 TABLE IV. Derivatives of the induced dipole moments for the
3 : vz and v, modes.

—— 3 Symmetric Stretch (v, )

Derivative (D amuY2A~1) Preserft Experiment Experiment

30 30

dpy] IRs|r =, 1.18 0.719 1.65
dpol Ralr,=r,,, 0.582 0.501 0.815

%From the present calculations without scaling.
PDerived from experimental IR intensities as given in H&B].
‘Estimated from the measured inelastic cross sections of[ R&.

Spherical Polarizability ( a.u. )

IS S

(9’“”0( Rs)]
IRs Jp_r

04 02 0 02 0.4 0d s=Req.

Vibrational Normal Coordinates ( amu™” angstrom )
" MVO(RS—’_ARS)_ILLVO(RS_ARS)

FIG. 2. Five sets of computed dipole polarizabilities of the 2AR, R R
spherical component for the, mode of the CH molecule. See text s Teq.
for details. (14

We should also remember that the TDM derivative is related

to the IR absorption intensiths and can be obtained from
In order to analyze in more detail the leading terms thatexperlmental dat@l4,28

contribute to the approximate expression of Efj0) de-

scribed in Eq(11), we need to evaluate the derivative of the

transition dipole momenfTDM) with respect to theRg at 1 lo=1; /\s(2

Req i€, 941, (R)/IRy|r ~r,,. We first obtained the TDM =16.192»5 (cm )% |<”|Myo [n")%% (a.u),

(1,,), according to Eq(13), using the static contributions

B. The asymptotic couplings

Agn—n’) (kmmol 1)

(15
V' for the A, irreducible representation withly,vo)
0"0
=(1,1) for v and (1,0 for v,, computing them as a func- Where
tion of Rg (see Fig. 3 Then, we obtained the derivative by M'0= 117y
means of a straightforward numerical differentiation by the|<n| v In")%* (a.u)
following formula:
9 2.609%) | [ It (Rs) o 1]
= = [D (amu~ A"
ws (M%) IRs  Jr _gr
s~ Teq.
(16)
with g5 and wg being the degeneracy of the mode and the
Do eI 0 corresponding IR frequency respectively. Hence, we can also
P Antisymmetric Stretch (v;) 3 derive estimates for the above TDM matrix elements by
g 05_ _50 making use of the measured IR intensity. Table IV shows the
= 02;_ E " computed and measured values&gmf,,o(RS)/(?RS|RS=Req for
H 0'45_ E 0’4 the v3 and therv, modes, for theAn=1 transitions. As ex-
=R, PR A DR WA i perimental values we employed the data given in [R29].
— When we compare with experiments the present calculations
Q M4fb o 04 obtained within a fairly simple SCF description of the mo-
~ 6 Scissoring (v,) h . . . .
§ 02f 4 o2 lecular electronic density, we find that our results give a rea-
§ of o sonably good value oﬁ,uvo/aRs|RS:Req for the v, mode,
3 o2f J-02 while we obtain a larger estimate for tirg mode. Following
A L u
S I T R T P PR D PR B T EUTEE h

S S T S R S E Y T VRN TABLE V. Computed derivatives of the spherical polariz-
ability.

o . 172
Vibrational Normal Coordinates (amu "~ angstrom )

. : _ Derivative (amu Y2 A2 v v v v
FIG. 3. Calculated induced dipole moments for the antisymmet- ( ) ! 2 8 4

ric stretching mode i3) (top panel and those for thes, (lower dag | IRs|r=r, 218 0.00 8.8%10° 0.00
pane) of CH, as a function of the vibrational normal coordinates. i
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- T T T T T T T I T T T T ‘ T T T T I T T T T ‘ T T T T I
T ——— 178 “z sl | B
; S i e TCS (Exp.) Symmetric Stretch ( v,)
3 Twisting (v,,) 2 1 . 1
S
N I 2 d177 > . o Elastic (Exp. )
ey -
= =
5 § t
& S
g A 10
= P
3 2 L
Y S
L
O
=
- : <
3 0.15 AL
N . 2 s
2 N ~ o
3 1 B
= ] =
2 0.05 =
=2 1 : ,
g =
] E I | Ll I I I
£ iy P I 0 i 2 3 4 5 6
0 0.5 1

12 Total Energy (eV)
Vibrational Normal Coordinates ( amu "~ angstrom )
FIG. 6. Computed cross sections, obtained from the five sets of
FIG. 4. Calculated dipole polarizabilities of the spherical com- estimated polarizabilities in Fig. 2, for the vibrationally elastic scat-
ponent(top panel and the corresponding potential energy curve tering (0—0) in ther; mode, using the two state BF-VCC method.
(lower panel of CH, as a function of the vibrational normal coor- The present cross sections are compared with the experimental elas-
dinates for the twisting modev§). tic cross sectiongopen circley and with the total one§30] (full
circles. The former quantity is derived by subtracting the contribu-
tion of the vibrational excitation cross sectioi<] from the total
[30].

Eqg. (14) we also estimatésee Table Y the derivative of the
spherical polarizabilityyao/ IR|r - Req that is related to the
long-range part of the polarization potential gradient o o i _
VP IR —r . Since theay is represented as the vibrational excitation cross sections analyzec_l in the
s el present work, especially in the very low energy region near

each vibrational threshold.

a’O(R):%{axx(R)+ayy(R)+a'zz(R)}’ 17

when we consider the symmetric and almost symmetric fea- lll. DISCUSSION OF PRESENT RESULTS

tures of the present normal mod@éth the exception of the If we begin with ther; mode, which belongs to th&,

v1) With respect tRe, , one quickly discovers from Figs. 2, point group, the leading terms of the anisotropic interaction
4, and 5 for thevy, v, andv, modes(see Ref[16] for the  potential in Eq.(5), i.e., V, , with (Ig,v0)#(0A;), give a

vz mode, that the values ofiag/dRs[r ~r,, for v2@nd Vs (ather small contribution to the final sum of all potential
are zero while that for; is much smaller than that for the  terms. The spherical component of tHg, o) =(0,A;) has
mode. The latter vibration therefore indicates the behavior ofts repulsiveV* potential dominant at smatl, while, asr

ap as a function oRs to be antisymmetric, as shown in Fig. increases, the repulsive effects turn into the attractive contri-
2. We shall show below that all these different features of theyutions from theVP® and further go through a point where
gradient-driven transition matrix elements for the dominanihe relationshipvs'+VP®=0 is satisfied. In the asymptotic
terms of the coupling potentials play an important role forregion ofr,, the potential is almost exclusively described by
the attractive sphericAlP® represented by Eq9). (For more
details on the behavior of the spherical component of the
potential atR.,, see also Fig. 11 in Ref.7]). From the
{177 above features of the potential, therefore, the collision dy-
] namics in thev; mode is the simplest one for which we can
visualize the effects froma,/JRy| Rg=Req O the final vibra-

tional excitation cross sections. We, therefore, generated five
different sets ofa as a function ofRg (s=1) for the v,
mode and report them in Fig. 2. We obtain the sets numbered
1 1 and 2 as described before in Sec. Il A, while we artificially
o1 produced those labeled as 3 and 4 to yield larger and smaller
] gradient values arourid. . For the set labeled 5 the, was

1005 fixed at its experimental equilibrium value throughout the

———7—T———— 178

Scissoring ( v, )

Polarizability (a.u. )

Potential Energy (a.u. )

-0.5

&
0

Vibrati

FIG.

I Normal Coordinat.

0.5

1/2
(amu "~ angstrom )

5. Same as in Fig. 4 but for the scissoring modg) (

examined range oRg. In the case of vibrationally elastic
scattering, (:0—0), as theaq is large aroundR,,, the
computed cross section also turns out to be fairly lasgpee

Fig. 6): the model cross sections computed from all the
choices of Fig. 2 shows that the elastic data numbered 1 and
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T -~ T ——T—T 50

N: ; | 3 > 73] R
S N — 1 Symmetric Stretch (v, ) 1015 NJ Eoe Scissoring (v, ") IR T
5 ooy ] 2 ° -2 3 10

i -2 g b .

‘e .0 i

" '% o oC ]
I —— 3 £ P a.g 0.0 Ao

g 3

\_ ....... 4 1o E ‘ ! I N

' i 5 1 i 0.5 0 05 1

\' o e n
Vibr Normal Coor (amu " angstrom )

—— T 0.1

— 2 CC( Polarizability of Fig. 4) 7]
- 0 2 CC(Adjusted polarizability ) -10.1

Vibrational ( n: 0 -> 1) Cross Section ( 10

Vib. (0-5>1)CS (107 em’)

Total Energy (eV ) Total Energy (eV )

FIG. 7. Same as in Fig. 6 but for the vibrationally inelastic g1 g calculated dipole polarizability as a function of the vi-
process (6-1) in the v, mode. Calculations are done via the BF- pational normal coordinates for the, mode (top panel and the
VCC method including two vibrational channefs:=0 and 1. corresponding vibrationally inelastic cross sections+D) by the

BF-VCC as a function of the total energpwer panel. The solid
; ; line refers to the values af, normalized to the experimental value
5, which employ the experimental value @f at Rg, turn 0 P

out to reproduce reasonabl el the experimental elasti at the equilibrium geometry, after computing thgas a function of
u p_ u S y well xperi . SU%he normal coordinates. The circles were obtained by using an arti-
cross sections. The latter were derived approximately frongigia| yaiue of ay constrained to be the measured value at the equi-

the measured vibrational excitation daf#] by subtracting
them from the TCSs given also by experimel86].

On the other hand, when we analyze in a similar way thenitial and the final vibrational wave functions for each spe-
inelastic process, then(0—1) excitation, as expected from cific mode of the target,
the form of the coupling matrix element given by E@l),
we fmd.that also thelag/JRy| Re=Req plays a c_rumal role. :’V:,n,:f dR{an(R)}*Tlrv,,r(R){Xn(R)}- (18)
From Figs. 2 and 7 we see that, as the gradient around the

Req. gets larger, the ensuing cross section becomes larger. , I .
should be noted that the cross sections labeled 1 and 2 i I:.éfnly the first vibrational threshold is presented for each of

7 are very close to each other since the set of the meglel the modes. The solid lines show the BF.'VCC results that
2 ! . ) already reached convergence when the first two open chan-
labeled 1 in Fig. 2 is obtained by a parallel shift of that nels(n=0 and 3 were considered. The inclusion of higher
labeled 2 over the whole range &, hence there is no : : : o
gradient change in going from set 13 to set 2. The BF—VCCCIOsed channels essentially Ieavgs th(_a final cross sections un-
cross sections for the; mode discussed beloW will then be qhanged except fpr energy regions in the very vicinity of
obtained by employint; the set af. values labeled as 1 in vibrational excitation thr.esholdﬁ?»l]. Wg, therefore, rep_ort
Fig. 2. 0 here only the results with two dynamically coupled vibra-

In the case of the other three modes, the contribution of
ag to the vibrational excitation matrix elements is rather(s‘
small for thev4 and null for thev, andv, because, as shown _*
in Table V, the value oﬁaO/aRS|RS: Re for these modes is

either zero or very small, and almost no contribution comes
from this quantity to the interaction matrix element of Eq.
(11). The data of Fig. 8 clearly show, in fact, that the effect
of aq on the inelastic process is highly negligible for the
mode.

The vibrationally inelastic cross sections of thg, v3,
andvj (zcomponent onlymodes are reported in Figs. 9, 10,
and 11, respectively. We show there different aspects of th .
calculations which we have carried out in the present work |
(For thev; mode, see Fig. 4 in Ref16].) In these figures,
the open circles denote the more simple calculations assoc
ated with the adiabatic nuclear vibratiGANV) approxima-
tion described beforgs,6]. No direct dynamical coupling is FIG. 9. Vibrational excitation cross sections for thg mode.
active during the scattering process and the transifioma-  The present cross section via the BF-VCC appraaokid curve is
trix is computed by a simple adiabatic convolution over thecompared with that obtained by the ANV meth@pen circles

librium geometry.

-—- E,=02066¢V (n=1) CA I
—— Vib.2CC(n=0and1)
o ANV(n=0,1)

brational ( n: 0 -> 1 ) Cross Section ( I()'I

|/

Vi

P P PR EP R HERF R U BV i
0 i 2 3 4 5 6

Total Energy (eV )
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e 0.3 and thevi modes. This means that the rather weak coupling

"% i e B, = 04023V (n=1) (b1 between the positron and the molecular nuclei does not really
2 ! _ W’LZCC’ ——— ’ 1 require one to include corrections from the projectile kinetic
e Vib.2CC. TDM ™™ ] energy term during the scattering process and therefore,

. == vib.2CC, TDM " 1o, away from thresholds, choosing a simpler, asymptotic-type

%& O ANV(n=0,1), TDM“* | wave vector is already sufficient. This is a very interesting

Y 8 Born, TDM " ; conclusion that bears great significance for carrying out fur-

ther calculations that may involve more complex polyatomic
targets. We have analyzed bef¢fd the effects of introduc-
ing a kinematic scaling of the ANV cross sections to make
them behave correctly at threshold. However, because of our
present interest in threshold effects, we did not repeat here
this correction that was shown to incorrectly describe any
threshold structur€g].

Total Energy (eV ) In the case of the andv; modes we also report in Figs.

10 and 11 the Born cross sections obtained by employing
FIG. 10. Same as in Fig. 9 but for the; mode. The cross only the coupling from the TDM effectisl4],

section via the BF-VCQsolid curve is also compared with that 8
obtained with the dipole Born approximatipi¥]. The latter results ; ™ 1n=1
are based on the cglculated qugatities for the vibrational frequency QsBorn'dlp(n_’n’): Wln ; |(n| M ,,% |n,>3|2
and the dipole derivativétriangles and on their corresponding ex- " 0 (19
perimental value$29,32 (squares The dotted curve reports the
BF-VCC results obtained by adjusting the computed dipole derivayyith gs=1 of Eq. (16) for the z component of the two
tive component by a factor of 0.609 to match the IR experimentainodes. In the present study, we obtained the cross sections
vglue[29]. Moreover, the chain curve reports our calculations ob-py sybstituting into Eq(19), through Eq.(16), values of the
tained by scaling the computed dipole derivative by the factor ofaMVO/aRsl Ri=Req and of the frequency for the two modes

14. given in Tables | and IV obtained respectively by either the

. . . o resent SCF calculations or from the IR intensity experi-
tional channels. This feature is a clear indication of the ratheE]entS[29 32, In the case ofy%, the Born cross section
. . . . [l . 3

}/veak cloypllndgttrtlatt efX;EtS bet\./;/een the_ mt‘?lt'og OT thethmmec?obtained via our computed TDNtriangles is larger than
o nuclel and et of he positon pofcle QU 1 S abtined by using he experimental valeauares

. : z : .
within our modeling of the interactigrtreatment of the vi- while for v; (see Fig. 11, the two sets of cross sections are
brational dynamics, i.e., the BF-VCC method, and the moré‘nuch_closer to each other. These results suggest that the
approximate ANV results is really very satisfactory with the magnitude - of g,/ ‘9R8|Rs= Reg. markedly contrqls the
obvious exclusion of the threshold region where the physica5|5tzre”9th ZOf the peaks appearing in the cross sections for the
cross sections should go to zées the BF-VCC calculations 3 and v, modes just above the threshold o1, as we
do) while the ANV data do not. Although the closeness be-shall further discuss below. _
tween the two methods is very similar for all modes, small  To see the effects of the TDM on the cross sections, we
differences become already noticeable at around 2 eV of totartificially adjusted the Computéd,sévo dipole component of

energy(i.e., well above the threshaldn the case of the;  |y=1 by scaling it, according to the values shown in Table
IV, i.e., by a factor of 0.609= 0.719/1.18 to match the

Vibrational ( n: 0 -> 1 ) Cross Section ( 10

Kn

Ko+ K
_knr

A e e 03 correzsponding TDM derivative given by the e_xperiment for
I e B, =0.1802¢V (n=1) (v1) the V3 component, and py 0_.86(1: 0.501/0.582in order to
S N —— Vib2CC, TOM ™ 1 obtain the same matching in the case of tjecomponent.

I fb‘-\ — = Vib2CC, TDM " ] As a result, the modified cross sectidiebeled as TDN

;p v e Vib. 2 CC, TDM " oo get in both cases smaller than the ones labeled as °FHM

L Eo \.\ © ANV(n=0,1), TDM™" ] and become closer to those given by the dipole Born calcu-

expt

L i \ a9 Born, TDM

lations based on the experimental values. We have also ex-
tended this type of sensitivity analysis by modifying the
TDM derivative given the calculations by a factor of 1.4. The
reason for this scaling will become evident after the follow-
ing discussion. The resulting cross sectiofiabeled as
TDM®@® in Figs. 10 and 11 have the height of these peaks
near threshold about 1.9 times higher than the ones given by
the TDM®° results. This feature strongly indicates that the

Vibrational ( n: 0 -> 1 ) Cross Section ( 10

Total Energy (eV ) inelastic cross sections in the low-energy region of both
modes are indeed proportional to the square of the dipole
FIG. 11. Same as in Fig. 10 but for the mode. derivative dominating the asymptotic form of the interaction,
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TABLE VI. Vibrational excitation cross sections (18 cn?)

”g '.l IEJ‘cp.I T (Ivll+,l?v;)| ] from the two-state BF-VCC calculations for the transitionQ)
2 [ Vib. 2CC, TDM 1 of all the CH, normal modes.
S b vmim 2CC () Jos
g - 2CC(3y,), DM ] Total energy(eV) v, 2, 3, 3,
§ I +} ------- 2cc, DM i
;2 L —= 2cC, TDM Hos 0.2 3.350
2N { B B (3v,), DM " ' 0.22 0.267 3.878
= i \.ﬁ A Born(3v,), TDM ™ 0.25 0.389 4.058
b t : 0.3 0.468 4.031
B b 0.4 0.575 3.636
T 0.42 0.486 2.244
'§ 0.45 0.529 2.879
3 0.47 0.525 2.948
0 ! : ’ * > 6 0.5 0.505  0.652  2.904  3.299
Total Energy (V') 0.6 0.418 0709 2663  3.019
FIG. 12. Vibrational excitation cross sections£d) computed 0.7 0351 0.751 2.456 2.800
with the BF-VCC method for the; (double dot chaip the 3v; 1.0 0.249 0.818 2.087 2.309
(dashed curvg and the weighted sum of the two modésolid 15 0.187 0.829 1641 1.818
curve. The present calculations are also compared with the experi- 2.0 0.153 0.794 1311 1.510
ments[12] for v, + 3v; moded(filled in circles with error bars The 3.0 0.112 0.701 0.906 1.135
notation for the other plots is the same as that given in Fig. 10. 4.0 0.091 0.622 0.686 0.916
5.0 0.078 0.562 0.554 0.774
as indicated by Eq19). Thus, for thev; and thev, modes, 6.0 0.070 0.516 0.467 0.675

our numerical experiments clearly show that the TDM de

rivative plays an essential role in controlling the size of the

inelastic cross sections at low collision energies and theref, symmetry, are by far the dominating processes in the
fore will largely control possible agreement with experi- inelastic dynamics. From about 2 eV of total energy and all
ments. the way up to 6 eV, in fact, we see that the excitation prob-
We additionally report in Figs. 12 and 13 a comparisonability of the v; mode is more than five times larger than that
between the present calculations and the available experdf the v4, and that of thev, contribution is about two times
ments[12] for the (v,+3v3) and the (2,+3v,) excitation larger than that from the,. The experimental data for the
processes, respectively. In Table VI, we also present the ny+,+ 3v3) are close to the shape produced by our calcula-
merical values for the vibrational excitation cross sections otions and clearly show the marked increase at threshold of
all the normal modes obtained in this work via the two-statethe combined excitation process. The latter is dominated by
BF-VCC method. The excitation contributions from thg  the transition dipole contribution that is induced by the
and v, modes, given their threefold multiplicities due to the mode and confirms once more the strong effect of such an
asymptotic interaction on the low-energy scattering process.

LN B s s

A

~o TS

~—

expt

Bom(3v4), ™oM

cale

Born(3v4), DM

—02

On the other hand, the size of our computed cross sections is

o Ep  (2veiv,) markedly smaller than the experiments and it becomes re-
Vib.2 CC, TDM "™ | markably close to them once the TDM contribution is scaled
- s 2CC(2%,) . —os by the factor of 1.4 discussed before.
[ T 200, TOM | For the (2v,+3wv,) our calculations, which implicitly use
R H """" jgg ;zZ” Tos the computed TDM derivative as shown in Table 1V, also
o c—— N 1

turn out to be smaller than the experiments by a factor of
nearly 2 although their shape with energy is well reproduced
by our results. To test the sensitivity of the computed inelas-
tic contributions by adjusting the TDM derivative for the

mode, we have artificially scaled the corresponding dipole
term by a factor of about 1.4, which corresponds to increas-

=T =] ing the experimental TDM value by a factor of 1.68ece

TR Table IV). We clearly see in Fig. 13 that the scaled inelastic
° cross sections are now remarkably close to the experimental

values, as it occurred with the comparison in Fig. 12.

FIG. 13. Same as in Fig. 12 but for the:2+ 3v, modes. The Finally, we clearly see from the calculations shown in
cross sections reported were computed with the BF-VCC methodfigs. 12 and 13 that our cross sections computed by employ-
for the 2v, (double dot chain curyethe 3v, (dashed cure and  ing at threshold scaled TDM values are brought in good
the sum of the two types of modésolid curve. The notation for ~agreement with the measured data. Such results indicate,
the other curves reported is the same as that given in Fig. 11.  rather interestingly, that positron scattering experiments for

Vibrational ( n: 0 -> 1 ) Cross Section ( 1()'16 cmz )

[=]

[N
w

S
w

Total Energy (eV )
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vibrational energy loss processes in polyatomics confirm thecattering process, provide good physical insight about the
dominance of the TDM contribution in controlling the size of details of the vibrational excitation processes at the micro-

the inelastic cross sections near threshold. scopic level, particularly when we examine the derivatives of
the induced dipole moments for thg and ther, modes and
IV. PRESENT CONCLUSIONS the derivatives of the spherical polarizabilities. The latter

were, in fact, found to play a significant role in the exci-

The work reported here models at the molecular level theation only, and especially at low collision energies where the
qguantum dynamics of vibrational excitation in a nonlinearlong-range interaction dominates the scattering for that
polyatomic molecule that collides with a beam of low-energymode.
positrons. As far as we are aware, this is the first time that the (5) We have further found that discrepancies exist be-
exact dynamics of the vibrational close-coupling expansioriween the values of the TDMs that are obtained from the IR
is applied to the real case of a polyatomic target undergoin§Pectroscopy data and the TDM valu@xpected to domi-
gas-phase scattering with positron projectiles. We have exlate the low-energy scatterinthat are needed to reproduce
amined the scattering for all the four normal modes of,CH the experimentally determined inelastic cross sections. In
and carried out calculations both at the BF-VCC level ofother words, the experimental cross sections very recently
dynamical treatment and with the more approximate ANvreported[12] seem to be, in the very low energy regions
convolution procedure. We further tested, for the IR activewhere the values of the induced TDM are thouganhd
modes, the validity of the Born calculations by using onlyfound to be dominant, larger than the values of cross sec-
the transition dipole interaction in the scattering treatment!ions we obtain with our BF-VCC calculations by scaling the
Although we are obviously able to compute separately th&mployed TDMs to match the IR experiments. In short, our

two stretching(the total symmetrie’; and the antisymmetric  Calculations show to be reasonable to use the collisional in-
v3) and the two bendingthe twisting v, and the scissoring €lastic cross sections close to threshold to extract estimates

v,) contributions, the experiment reveals only two unre-for the TDM values, while, at the same time, such estimates
solved sets of cross sections for the, ¢ 3vs) and (2, appear to be less reliable than those provided by the IR ex-

+3v,) modes[12]. Such measurements are, therefore, théP€rimental analysis. , _
final quantities with which we have compared our calcula- (6) Because of the model nature of our chosen interaction,
tions. The following conclusions could be drawn from our Nowever, the effect of th&’®” contributions in the interme-
results. diate and long-range parts of the collisional interaction re-
(1) The v, excitation cross sections are smaller than thed!on cannot be easily evaluated and therefore further compu-
correspondingy, excitation: the latter process is shown to tational tests should be carried out to improve agreement
dominate the overall excitation of GHrom an energy of with existing e>'<per|ments. It remains important, however3 to
about 0.2 eV up to 6 eV. The result is similar to that for theN@ve shown with the present study that the ANV dynamical
excitation of they; mode, which we found to be much @PProximations are particularly effective for low-energy pos-
smaller than ther; excitation(see also Ref,16]). itron scattering and thap such a simplification W|Il_be particu-
(2) The cross sections for all the modes are found to bd@'ly useful when studying much larger polyatomic gases in-

rather featureless even close to thresholds and to increase fif@cting with positron beams at energies away from the

size as the collision energy decreases. Due to the presence@fcitation thresholds.
TDM contributions for thev; and for thev, modes, these
two excitations show a more marked increase of their cross
sections at threshold, a typical feature also seen in the dipole We are grateful to Professor C. M. Surko and Dr. J. Sul-
Born calculations, and in the experimental behayits]. livan for sending us their experimental data prior to publica-

(3) The ANV approximation, due to the rather weak na-tion, to Dr. R. Curik for several helpful discussions, and to
ture of the positron coupling with the nuclear motion, ap-Dr. T. Mukherjee for his early involvement in the computa-
pears to hold well for energies away from threshold while,tions. The financial support of the Italian National Research
however, exhibiting the wrong energy dependence right aCouncil(CNR) and of the Italian Ministry for University and
threshold, as already seen in our study of electron/positrorResearciMURST) is gratefully acknowledged. One of us
CH, vibrational excitation process¢s,6,16. (T.N.) is indebted to the Max-Planck Society for funding his

(4) The present BF-VCC results, and their analysis instay at the University of Rome while this work was carried
terms of different molecular parameters that play a role in theut.
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