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Calculation of rotationally inelastic processes in electron collisions with C@molecules
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The rotational excitation of the title linear polyatomic target, treated as a rigid rotor is computed using a fully
ab initio interaction potential recently employed to obtain integral elastic cross sedtigiasturco and
Stoecklin, J. Phys. B9, 3933(1996] and to unravel several resonances in the low-energy region. The present
study looks at the rotationally inelastic processes which can occur in the energy range across the long-lived
shape resonance at 3.9 eV and finds that the resonant process strongly enhances the overall efficiency of the
rotational excitation by the electron projectile, as shown by the computed values of the average rotational
energy transfers. Angular distributions are also evaluated at different collision energies and compared with
earlier calculations[S1050-294®7)05602-3

PACS numbd(s): 34.80.Gs

[. INTRODUCTION system[6]. The actual details have been given before and
i ) , therefore we will not repeat them here. The approach we
In the analysis and interpretation of electron transport da;ased to solve the collision problem is as follows: The fixed-

fror_n swarm experiments one heeds to account for a bro uclei approximatior(FNA) is made to treat the molecular
variety of molecular excitations that can be induced by elec-

tron impact. In order to provide a realistic and global mod_degrees.of freedo_rﬁ?] and the target is .taken. to be a rigid
eling of the experiments, in fact, one requires knowledge of 10T Wwith the internuclear separation fixed ®co
the cross sections for some of these excitations so that thig 2-1944%. Furthermore, only the ground electronic state is
uncertainties which exist in the unfolding of other cross secretained in the eigenfunction expansion of the target scatter-
tions by transport analysis can be redu¢éd?]. The CQ  ing wave function. The coupled scattering equations are for-
molecule has been, and still is, one of the most popular sysnulated in a single-center expansi®CE body-fixed (BF)
tems for which the excitations of rotational and vibrational coordinate systeni6], converted to integral equatior8],
degrees of freedom play a very important role in the inter-and solved by numerical quadrature. In all the calculations,
pretation of electron transport phenomdB& The fact that 55 giscussed earlidi6,9], care was taken in treating the
g? tﬁée(?rr:g?ofslrers(gatlﬂgﬂall ﬁ:‘:\'ﬁt(')?r'sr']‘:’a‘ﬁlu\;:dg@s‘w&'iﬁgyﬁnalpartial-wave expansion of the scattering function and the ex-
rotational quantum numbeérsneans also that considerable pansion of t_he potential energy n Legendre polynomials in
ways for which enough terms are included to ensure conver-

rotational excitation is possible even for fairly low impact o | .
energies of the electrons. Furthermore, the rotational excitad€NCe {0 better than 5% in the resulting cross secli6ré.

tion of this molecule is considered to be an important cooling, 1 n€ €lectron-molecule interaction potential is given by
mechanism in molecular gases and in the processes occupe sum of three main contrlbptlons: t_hb initio static term
ring in the planetary atmosphergs,5. We have recently 9generated from the electronic density of the target wave
carried out an extensive set of calculations for the elastifunction, the exchange interaction given by a separable ex-
(rotationally summepintegral and differential cross sections Pansion over an additional set of discrete functipt@], as
over the low-energy scattering region and across the stron@escribed earlier by u§], and the correlation polarization
shape resonance of this syst¢@. It therefore becomes of (Vcp) interaction, which describes the response of the target
interest to further extend such a study, which turned out teharge distribution to the impingingN(+ 1)st electron. In
provide a very good agreement between experimental anthe short region this function is obtained from a density-
theoretical quantities, to the behavior of the rotationally in-functional(DF) modeling of the dynamic correlatidi1,12]
elastic processes, integral and differential cross sections, anghile the long-range part describes the polarization effects
to the evaluation of the overall efficiency of low-energy elec-through the static dipole polarizabilities of the target mol-
trons in exciting rotational levels in the ground electronicecule[13]. The resultant calculated elastic integral cross sec-
state of the CQtarget. tions (rotationally summed and the corresponding
momentum-transfer integral cross sections turned out to be
in quite good agreement with the measured red@tsand

We briefly summarize our computational procedure andexhibited the correct trends with energy, including the un-
the calculations which we have carried out earlier on thisusually steep rise of it as the energy decreases below about

1.0eV.
It therefore seemed reasonable to further employ the com-
*Present address and address for correspondence. putedT-matrix elements obtained from the FNA treatment to
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generate the corresponding rotational cross sections, elasstate of CQ is of the order of 0.1 meV. On the other hand, it
and inelastic, integral and differential, over the same broadnay not be quantitatively correct close to the energy position
range of collision energies. From the theoretical standpointpf the shape resonan¢é].

in fact, one can obtain such cross sections by employing the It is also interesting to note that the corresponding inelas-
same FNAT-matrix elements and transforming them into atic, state-to-state differential cross sections can be written in
space-fixedSF) laboratory reference frame via the appropri- a similar way as

ate unitary transformatiorjd.3,14), which, for2, states of the

target, are given by do 1

i ji

T, 5 =(=) "2 C,/j;—mm) _ _ _
m where 0 is now the SF scattering angle and thg coeffi-

cients are given, at each scattering enekgyby a well-

known set of formulas already discussed several times in the

literature for linear moleculegl5,17,18. They will not be
where theC’s are the usual Clebsch-Gordan coefficients. Bl § y

) ) l’epeated here, where it suffices to say that Ahés are a
This result can be used to calculate state-to-state, rotational e( . m .
. A . o . . irect function of theT . ,, of Eq. (1), transformed into the
inelastic cross sections from an initial statéo a final state /

i’ [15] SF frame by that equation and by the use of the ANR ap-
proximation[14] already employed to compute tliematrix
elements.

o ™ J 2 Similar types of calculations were carried out long ago by
o(i=1"= kP (2] +1)§ (2J+l)/§/:, T A% @ Morrison and Lan¢19] using an entirely empirical treatment
a of both exchange and polarization forces. The same system
which has been averaged over initied; sublevels and Wwas also discussed by Truhlar and co-worke,21] from
summed over finain;, sublevels. From the FNA scheme we the point of view of rotationally inelastic collisions by using
ignore the rotational level spacings an therefore onelgets & model effective-potential approach. Only one energy value
=k2 for all j. Herek? is the scattering energy in Rydberg. (20 eV) was examined in their first work, while further cal-
final formula of the state-to-state partial integral cross sec€V [21]. In the last two references the calculations were per-
tions formed in the SF frame of reference by rotational close-
coupling expansions and angular distributions were also pre-
sented for some of the rotational excitation processes from

XCJ,/",j"—mmT],, D

R m the lowestj level as the initial molecular level.
=02, (2J+1
o= k(2] +1); ( )/2/ n% The results from the present calculations and a compari-

. A son with the previous theoretical applications will be dis-

XC(3,/J;=mm)C(,7", " —m,m) cussed and analyzed in the following section.

XC(J,7,j;—m’,m")C1J,/",j";—m',m’)

Rme (R (1)l lIl. COMPUTATIONAL RESULTS

m m m m

KT T AT 0T 0 ©)

A. Partial integral cross sections

where theT(® and T(") are the real and imaginary parts of As mentioned in the previous discussion, the evaluation
the FNA, body-frameBF) T-matrix elementsT”,, of Eq.  Of the ANR inelastic cross sectiorigven across the reso-
(1). Due to the unitary nature of the transformati(dﬂ, the  hance region for the title molecylés likely to be a reason-

total integrated cross section is invariant under this transfor2ble approach for the GQarget given the smallness of the

mation of theT operator and therefore we can also write ~ 'otational spacings between the lowérexcited states. Fur-
thermore, the rotational excitation of nonpolar targets at low

collision energies is expected to be smaller than the corre-
_m m oj2_ T, sponding elastic cross sectier(j—j) [22]. The results of
Trot™ kz/z/:, %" ITe/ _?’ o=, @ Fig. 1, however, reveal a different behavior for the present
system. We show there the partial integral cross sections,
which is independent of. The last two equations are the o(j—j’),starting from thej=0 level and in the energy
usual application of the adiabatic-nuclei-rotatiofAINR) range between 2.0 and 10.0 eV. One clearly sees there the
approximation, whereby the rotationally inelastic processesollowing features.
are obtained by an adiabatic transformafi@4] of the fixed- (1) In the energy range between 2.0 and nearly 4.0 eV the
nuclei matrix elements after the dynamics has been alread)—2) inelastic cross section is nearly one order of magni-
completed without any explicit inclusion of nuclear rota- tude larger than the elastic one and remains the strongest
tional coupling with the impinging electrol6] during the  process at the resonance energy: only from about 4.5 eV the
scattering process. Such an approximation can be considerethstic process takes over, while thg=2 excitation still
valid for e”-CO, scattering collisions in the energy range remains the largest excitation process.
under consideratiotfrom 0.5 up to 30 eV, since the spacing (2) The resonance region corresponds to a very marked
of adjacent low-lying rotational levels in the ground vibronic increase of all inelastic processes and confirms the strong
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partial-wave mixing in the interaction which causes the en-
hancement of the energy transfer mechanism during the col-
lisional event.

That this partial “inversion” effect pertains to tH®—2)

30

T
—o—pg—
o o

partial cross sections(in units of a?)

inelastic processes could be seen by the behavior of the elas- /u//olé\ (2]

tic and inelastic cross sections which originate from jtke€ 705—:3/0//' J \;,\

and j=4 levels and which are shown in Fig. 2. One sees <|"—°—'° \25)}3_“; ° b e e

there, in fact, that both elastic processes from these levels 05— ; °‘1‘°/ 5 '6 7 ; 5‘) ;50~
(upper and lower curves in the figurare indeed dominating E_feV)

the scattering and yield the largest cross sections over the coll

whole range of collision energies. Furthermore, the=2 FIG. 2. Same as in Fig. 1 but for different initial rotational states

inelastic transitions are once more the ones with the largeg; CO,. Upper part: transitions from thg=2 level. Lower part:

cross sections, although markedly smaller than the elastig,sitions from thg =4 level.

contributions. This result is in accord with what was found

cross sections was also obtained in close agreement with thg e same energy, where we find a value ofa§.0The

present calculations. Since the resonance region is dominat%Me of Morrison and LanEL9] is 3.7a2 while Truhlar and

by thel‘[ues;mmetry[G,lg] for_which the contributing partial collaboratorg21] find 11.]a§. Since V\?e do not expect the

:‘/(\;?:\t/sesthaern/thelgjiféc?r::c(j)lfpl\i,vrl(g]y?hzrg\ljzlgﬂjcpeolgﬁt\g?r}r/\eoﬁhe A_NR to be_mcorrect at such a h_|gh coII_|S|on energy, the

interz;lctior) between thei =0 andj’=2 levels involved in dlff(_arences in the modeling of th_e mterac;tmn forces must be

that transition becomes particularly strong and effective inmalnly respon3|b!e for such QSC|IIat|Qn§ In the.values of the
computed inelastic cross sections. It is interesting to note that

the low-energy region discussed here. h i ' 11 with onall q

This also explains why the correspondidg=2 excita- the earlier comparisong21] wit rotationally summed ex-

. . ; . . eriments suggested that tf@—2) inelastic process should
tions are again the dominant inelastic processes even wherl . o

ave a cross section betweend}@nd 25.@3, in agreement

the initial level is changed tp=2 or to 4, as seen in Fig. 2. h : f Th id :
This specific effect is also to be related to the dominant IongWIt our current estimate of 5. The same considerations

range interaction included in the present work, i.e., to the?!SC @pply to thea(0—4) inelastic process and find our
dipole static polarizability of C@for the /=2 nonspherical present results in closer accord with experimental estimates

componenf23]. In such a case, in fact, the long-range inter-[21]'
action extends to the long-range region the same direct cou-
pling induced by the resonanack wave in the short-range
region and therefore reinforces the fact that the=2 pro- When considering the general interest which exists in the
cess is here the largest rotational excitation prodd@$§.  cooling rates of CQlevels and their importance to estimate
When we consider the inelastic cross sections at 10 eV aflectron energy distribution functions for the title system one
collision energy, we find ther(0—2) cross section to be muyst also keep in mind that, as the gas temperature in-
about 13.85, i.e., fairly close to the earlier calculatiof9]  creases, the corresponding peak in the Maxwell-Boltzmann
which gave 8.63 but markedly smaller than the value from distribution function obviously moves to higher valuesjof
Truhlar and co-worker§21] of 25.333. This relative differ-  For instance, it is interesting to note that in £& T=100,

B. State-to-state inelasticity
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respectively. It therefore becomes important to evaluate the
corresponding inelastic processes over a rather broad range FIG. 4. Same as in Fig. 3 but for different values of collision
of initial j values for the various excitation functions. energy. Top: forE.,=3.0 eV. Bottom: forE.,=5.0 eV. The

The present calculated values for initjgirom 0 to 10 are  meaning of all symbols is the same as in Fig. 3.
shown, at the energy of the resonance discussed before, in
Fig. 3. One clearly sees the following behavior. ture of the results at largevalues reflects the fact that, using

(1) The AJ =2 excitation process iS, at resonance, by farthe AN approximation, the ratio of the statistical WelghtS of
the largest excitation process. the initial and final state approach unity ps> .

(2) From the initialj =4 and higher the excitation is fairly ~ In conclusion, we can say that the present calculations
independent ofj, as expected from the ANR formulation, Show a marked increase of rotational efficiency at the reso-
while small differences appear fpr=0 and 2. nance region, where the electron interacts with the target for

(3) The excitation processes withj=4 and 6 are also @ longer time, and that the direct dynamical couplingdby
showing the same dependencejoand turn out to be close

to each other in magnitude. 1l
It is therefore useful to further analyze the excitation ef- .

ficiency by looking at the same set of inelastic cross sections T\, Ecou=100eV
at different collision energies. As an example of this analy- - ,
sis, their behavior &E values right below and just above the \A&"ZA
resonance position is reported in Fig. 4. One sees that the I AT
excitation cross sections below the resonance position are a % 4o .
factor 2 smaller than those at the resonance forAhe 2 i’ | \O\A{;/‘\
processes, and have essentially vanished for excitations with © o N °
larger Aj=2 values. This behavior is still more marked 20 A0
when one looks at the cross sections at the collision energy S
of 5.0 eV (lower part of Fig. 4. The excitation processes <
with Aj=2 have become even smaller: their average value =
in the nearlyj-independent energy region above 4 eV is b-'\ W\, Eco=200ev
around &3 while it was more than 2043 at the resonance P~ Aoz
energy(see Fig. 3. The main physical reason here seems to P \L\A
be the marked reduction of thé=2 contribution from that | T
of the resonant cross sections as one moves away from the —o .
energy region of thél, resonance. We see, in fact, that the ‘R, O\,o&g\(}
calculations at higher collision energieshown in Fig. 5 for B \Dﬁﬁ\u o OD__—
10.0 and 20.0 eyare essentially producing very similar in- 0 L 1 L L . !

. . . 5 6
elastic cross sections to those obtained at 5.0 eV: the average j

value for theAj=2 cross sections remains around &0
while that for theAj=4 and 6 excitations increases t0  FIG. 5. Same as in Figs. 3 and 4 but for two more values of

slightly larger values, although remaining always muchcollision energy. Upper partEq,=10.0 eV. Lower Part:Egy
smaller than the former excitations. The nearly constant na=20.0 eV.
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FIG. 6. Computed partial differential cross sections at different FIG. 7. Same as in Fig. 6 but for different collision energies.
collision energies and for different transitions. Upper part: for Upper part: 3.9 eV. Lower part: 5.0 eV.
E.i=2.0 eV. Lower partE.,=3.0 eV. Open circles(0—2) ex-
citations; open squaref9—0); open triangles(0—4) transitions. of the A coefficients. The results in the top part of the figure
. . . . refer to 2.0 eV of collision energy, while those in the lower
waves for thed j =2 transitions is also strongly enhanced in 4t correspond to differential cross secti¢BES) at a col-
the resonance region. , , lision energy of 3.0 eV. As seen already when discussing
These results are in accord with the earlier model calcupa i) - state-to-state integral cross sections, we detect a
lations[19] where the inelastic cross sections showed a Migominance of thd0—2) inelastic cross sections even over
nor increase with increasing collision energy and where they . elastic(0—0) process. As a result of it, the inelastic

average values were rather close to the present ones. On tBﬁ)cess makes the backward scattering dominate the
other hand, the later model calculatidi0] at 20 eV yield ¢ ,mmed DCS since th@—0) process is mostly in the for-

cross sections much larger than the present ones, in spite gfy g direction as expected for elastic scattering events. On
our more accurate computational model. The®—2) CroSs  he gther hand, as we move near to the resonance region
section is shown to be 15.82 while ours is about 8. (Fig. 7) we see that the resonant excitation Agr=2 clearly
le6V\l2ISE, their ‘;(0*4) and o(0—6) cross sections are ghows an/’=2 angular distribution with symmetric intensity
8.34a5 and 8.4 at 20 eV, while our present calculations around 90°, as has been observed before for resonant angular
yield 3.5 and 2.3, respectively. It therefore appears that scattering24]. This feature rapidly disappears, however, as
the interaction modeling of that work, or their convergenceone moves to higher collision energies and the inelastic cross
checks on the calculations, are inadequate to realistically desections become smaller than the elastic ones. The latter pro-
scribe rotational excitations in the present system. cess, therefore, dominates the scattering and the forward di-
rection is the one contributing the most to the rotationally
summed quantities. Thij =4 processes appear to be rather
small at both collision energies and also show little depen-
dence on the scattering angle.

The evaluation of angular distributions after inelastic col- This general behavior is seen even more clearly as one
lisions is also a very useful indicator of the forces at play andnoves to larger collision energies, away from the resonance
of the role played by the different coupling potential compo-feature: computed results at 10 and 20 eV are shown in Fig.
nents during the dynamics. The only examples of compute@ for the state-to-state DCS of the present system. Their be-
rotationally inelastic cross sections are given at 10[2Y]  havior is rather constant with energy, in the sense that the
and at 20 eV[20], while we are not aware of any other elastic process is still the dominant one at both energies and
calculation at lower collision energies, especially around thehat the forward scattering remains a constant feature of the
resonance region. We therefore decided to carry out such mtationally summed cross sections. This result is in general
set of calculations by starting with the collision energy belowaccord with the earlier calculatiofg0,21] since they also
the resonance position. showed that the elasti®@—0) DCS was mostly forward scat-

Figure[6] reports the calculated quantities from Ef),  tering. The specific features of the present, inelastic DCS are,
where the sum was carried out uplie-38 in the generation however, rather different from theirs: our inelastic processes,

C. Partial differential cross sections
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shape resonance around 4.0 eV is markedly more efficient in
FIG. 8. Same as in Figs. 6 and 7 but for two further values of€Xciting rotations than any other energy regime and that the
collision energies. Upper parE.,;=10.0 eV. Lower partE., d-wave dominant nature of the coupling leads to an angular
=20.0 eV. The meaning of all symbols is the same as in the othedistribution which is again nearly symmetrical with respect
two figures. to 90°[24]. All other processes are contributing mostly to the
large-angle region and therefore the energy transfer becomes
dominated by backward scattering when one moves away

in fact, are much less oscillatory with angle and are largefrom the energy of thél, resonance.

than the earlier model resul{20,21] in the region away Another way of examining the efficiency of the energy
from the forward scattering area. Here again we expect thdtansfer processes is to define the average energy transfer via
the rather crude model employed by those calculations is ndhe partial, state-to-state integral cross sections:

sufficient to realistically describe the short-range interaction
in this polyatomic target.

2 o Aej

D. Energy transfer efficiency <AErot>j: ! - (7)

Because of the general interest in the presen} €0I- E T
ecule for cooling processes in the interstellar medium, it be- i’

comes useful to define a possible measure of its efficiency t?his Lantity is usually given in eV. or in meV. and we have
be “heated” by collisions with electrons over a fairly broad valu(?alted ityfor tar tyg heir=0 o | level ’ h |
& gets in thejr=0 initial level. The results

range of scattering energies. Thus, we have computed, fro of the calculations are shown in Fig. 10 and provide us with

the previous inelastic DCS, the following average €NeT9Yan interesting insight into the rotzagtional inelgsticit at low

transfer given at each fixed enerf5s] . g Insig y
scattering energies.

(1) The excitation process is rather efficient over the en-
do ergies examined since its average value is around 0.250
(Emt)jzz E(j—ﬂ ") Agjjr, (6) meV, larger than that shown by,thnd N, at the same en-
i’ ergies[19].

(2) The range around th#l,, shape resonance shows a
where the initial level is taken to be thie=0 level and strong increase of the excitation efficiency: theE ) value
Ae;i. is the energy gap between the initial and final rota-reaches more than 0.600 meV at the resonance position,
tional levels of the target molecule, given in meV. The crosdarger than the value found at the resonance position 0f N
sections were given in Zsr . The behavior of this quantity [19].
is shown in Fig. 9 as a function of a rather broad range of (3) The electrons are able to excite the molecule more
collision energies, from 2.0 eV up to 20.0 eV, and for theefficiently than positrons below the Ps formation and at the
whole range of scattering angles. It is a measure of the effisame collision energies: recent calculatiof26] of
ciency of the collisional process in the sense that it tells us(AE,,)for the CG molecule in collision with positrons
for each scattering angle, the amount of energy which can b®und values that were two orders of magnitude smaller than
lost at that angle by the electrons via the inelastic processdbose given here by the electrons.
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able than the elastic one in the region of the strbhgshape
resonance of the COnolecule.

The calculations were then extended to excitations with
initial-j values from 0 to 10 and the relative importance of
P the Aj=2, 4, and 6 processes was examined. It was found
' that the whole excitation probability increases strongly at the
resonance and that thej =2 transition is the one affected
oskb the most by the resonance. The suggested physical picture is

/ therefore one in which the dominant partial wave of the reso-

i nant state, the©’=2 wave, directly couples the rotational
03} / \, states withAj=2 spacings, thereby making these processes
o \o\o\o_/o/o/° the most strongly excited in the resonance region. Further-

I more, since partial cross sections at the lower energy have a
02—>34—1 1 —— 5 strong contribution for th& , state[6], then theAj=2 tran-
energyfeV) sitions are also found to be the most prominent from thresh-
old up to about 4 eV because of the additional couplings

FIG. 10. Computed average energy transfer, &g.of main fr_om the/ =2, 4, and 6 term_s of the intergctioh which con-
text, from the partial integral cross sections. The values ofmbyte the most to this partial cross section in that energy
(AE,y are shown as a function of collision energy and in units of region. . N
meV. The analysis of the average energy transfer as an indicator
of excitation efficiency{25] suggests that the GOnolecule
rotations are rather efficiently excited by electron impact in
comparison with other, well-studied diatomics like,HN,,

In the present study we have employBdnatrix elements and CO, a feature also suggested by earlier model calcula-
computed previously6] within the fixed-nuclei approxima- tions[19]. _

tion and have transformed them into state-to-stmatrix In conclusion the use of the ANR procedure to yield state-
elements for rotationally inelastic processes using the ANRO-State, inelastic partial cross sections adrinitio T-matrix
scheme. Thus, the actual dynamics includedam initio elements computed via the FNA modeling shows that one

. . . . _can obtain detailed information from such studies and that
treatment of all the interaction forces but not their coupllngthey allow us to relate quite directly the observed features of

with molecular rotations during the scattering process. Th'ﬁhe inelastic cross sections to both the collision dynamics and
approximation is usually deemed to be realistic at fairly h'ghthe structural properties of the target molecule

collision energies but is expected to fail in the regions of
resonant scattering. Given the very small spacings 0§ CO
rotational levels with lowj, however, we expect that such an
approach would yield reasonable results for the low-lying ACKNOWLEDGMENTS
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