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Single-electron transfer in collisions of He  2* with NH 5 and H,S: Vibrational
state populations of NH 3 and H,S™

Michal Farnik,? Zdenek Herman,® Thomas Ruhaltinger, and J. Peter Toennies
Max-Planck Institut fu Stromungsforschung, Bunsenstrasse 10, D-37078i@&®n, Germany

(Received 24 March 1995; accepted 10 May 1995

Single-electron charge transfer betweerfHand NH; and H,S was investigated at the projectile
energy of 70 eV by the translational energy spectroscopy method with a resolution of 120 meV. The
products were H&* (?P) and the ground state molecular ion. Populations of the vibrational states of
the molecular ion were derived from the spectra. The vibrational state distributions differ only
slightly from the distributions obtained by photoelectron spectroscopy and the differences can be
qualitatively accounted for by distortions of the equilibrium configuration of the target molecule by
the approaching ion projectile. @995 American Institute of Physics.

I. INTRODUCTION In this communication we report on analogous studies,

, investigating the population of vibrational states of Nend
Charge transfer(electron captuie between multiply s+ formed in charge transfer collisions of 70 eV e
charged ions and atoms or molecules represents—because, @t these molecules

its large cross section—an important class of collision pro-

cesses. Charge transfer collisions of multiply charged ions He*" +NH3(*Aj)—He™* (?P)+NH; A ,v*) (2
have been recently subjected to intensive investigation both,4

at high and low collision energiés Besides atomic ion-

atom processes also processes involving molecular species H& +HS(*A;) —He™* (°P) + H,S*(°By,v ™). (©)]

have been investigated in translational energy spectroscoyeaction(2) is exoergic by 3.42 e(IP(NH3)=10.183 eV
(TES) studies with the aim of determining both integral and (Refs. 6 and Y], reaction(3) by 3.13 eV[IP(H,S)=10.466
differential cross sections of the respective state-to-state presy (Ref. 8], if vibrationally ground statév *=0) molecular
cesses. So far, however, there has been little information ogns are formed. We take again advantage of the doubly
the population of vibrational states of the molecular prOdUCkharged helium ions as projectiles: simplicity of the projec-
species. This has been due to a limited energy resolution gfie devoid of electrons, convenient energetics, and its low
the experiments. In addition, the problem may be complinass which even at collision energies of about 100 eV makes

cated by dissociative processes, especially in the case of Mgse effective collision time shorter than a vibrational period
lecular targets. Addressing the problem of product vibra-f the target molecule.

tional states population thus requires high-resolution studies |, addition, the atomic ion-atom reaction

and a choice of a suitable simple system in which dissocia- . 1 s o

tive processes do not take place. He?* + Ne(*Sp) —He™ (°S) + Ne™* (°S, ) (4)
Recently, we have found a class of processes which apyas investigated to determine not only the final resolution of

pear to be suitable for studies of charge transfer betweeghe machine, but also the peak shape of thé Heduct ion

doubly-charged atomic ions and molecular targets. In charggnd to calibrate the energy scale. The excited NS, ,,)

transfer collisions between Pie[IP=79.00 eV(Refs. 3 and  state of the neon atorfiP=48.48 eV (Refs. 3 and ¥ is

4)] and molecules of an ionization potential of 9-10 eV theformed in reaction4) which makes it exoergic by 5.93 eV.

reaction window concept may favor the formation of the ex-

cited He™ (?P) product[IP=65.4 eV (Refs. 3 and ¥ and

the ground state molecular ion in which population of vibra-!l- EXPERIMENT

tional states can be analyzed by high-resolution translational Gitingen crossed beam scattering mach(iig. 1)

energy spectro;cop@about 3 eV is assumed to go into the used earlier in high-resolution proton energy loss spectros-

relative translational energy of the two positively chargedCopy studies was adapted for the present experiments. The

product iong performance of the machine in energy loss studies of colli-
sions between protons and deuterons and polyatomic mol-
HE " +M—He"™* (*P)+M* (v ™) (1) ecules(resolution 15-30 melVwas described earliér.
For the purpose of the experiments described here the
(v refers to a vibrational state of the jon reactant H&" ions were produced in a Colutron gas-

Recently, we have applied this method successfully tajischarge sourcéQ), extracted(01), mass selected by the
the investigation of the vibrational state populations ofwien filter (WF), focused(02) and energy selected by pass-
NO*(*=*) formed in collisions of 70 eV H& with NO. ing through a tandem hemispherical electrostatic energy ana-
lyzer (ES of mean radii of 4 and 8 cm, respectively. The

dpermanent address: J. Heyrovshstitute of Physical Chemistry, Academy be.am of energy of 70 eV was then focus@sB) onto a
of Sciences of the Czech Republic, Ddlgjsa 3, 182 23 Prague 8. skimmed nozzle beaigBD) of target beam molecules at right
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3496 Farnik et al.: Collisions of He?" with NH; and H,S

lens (05 and an open venetian blind electron multiplier
(MP). The entire analyzer detection system could be rotated
about the axis of the target beam in a perpendicular-plane
arrangement.

The reactant He& ions pass through the electrostatic
analyzers at 0.5 of their true laboratory eneEgjythe energy
spectra are then recorded asB-5=+ AE’ translational en-
ergy spectra of the Hé reactant and the Heproduct(AE’
is the energy gain from the exoergicity of the proge3He
intensities of the reactant beam were about 100 cps at the
beam energy of 70 eV, and the resolution for doubly-charged

20001V/s

—<0

o or
=)

K1

760 Vs

SD 1500l ions was about 80 melWig. 2(a)]. The overall resolution of
K4 A | the apparatus was determined by measuring the peak width
G 60001s of the Ne" product from reaction(4). The Gaussian-peak

computer fit (Jandel Scientific Peakfit Program, Version
FIG. 1. Schematics of the crossed beam appar@u€olutron ion source;  3.00) gave the resolution for product ions of 120 meV, full
01, ion extraction optics; WF, Wien filter; 02..05, ion focusing optics; ES, width at half-maximum(FWHM).
energy selector; SD, skimmed nozzle beam; EA, energy analyzer; MP, elec- The t lati | t fth duct i
tron multiplier; G, gas inletsK1..K6, differentially pumped chamber. € ranslational energy spectra o . € product ions were
recorded at several laboratory scattering angles between 0°
and 4°. The translational energy spectra were converted into
angles. The product ions were then analyzed by a detecticihe reaction exoergicity scale using the kinematic equ#tion
system consisting of a focusing le(@®!) and another tandem
electrostatic energy analyz€EA), identical in design with

m m
the reactant beam energy selector, followed by a focusing AE=(1+ m—l) EK—<1— #) E;
2 2

m
7000 . ; . . : —Zm—(ElEK)mCOS 0, 5
2+ 2
He
6000 | 1 . . .« . .

@ where AE is the reaction exoergicityE, is the laboratory
= 5000 | : energy of the projectile H&, E, is the measured laboratory
§ energy of the Hé product, andn, andm, are the masses of
§ 4000 | ’ the ion and neutral reactant, respectively. A correc{@®93
; eV) was applied to the measured enefgy to fit the peak
s 3000 1 center of HE from reaction(4) to the reaction exoergicity,
9 | 5.39 eV, this correction remained, within 20 meV, the same
£ 2000 1 during the measurements with Nidnd H,S.

1000 ]
0 1 1 i)
-0.10 -0.05 0.00 0.05 0.10 800
70 . Sccl:m Voltage l[V] .
2+ o]
6o | He™ + Ne . 9e=0 ] 600
(b) £
— 50 §
5 400t
8 3
> ‘ S
2 30
c = 200
2
c 20
10 o bt :
1.5 2.0 2.5 3.0 3.5 4.0
0 e Exoergicity AE [eV]

5.6 5.8 6.0 6.2

Exoergicity AE [eV] FIG. 3. Translational energy spectrum of H&om reaction with NH at
6 Az =0° plotted against the exoergicity of the procedf. Solid line
FIG. 2. (a) Energy profile of the ion reactant beam®e(b) energy profile  through the measured points is the sum of pddksted from the computer
of the Ne" product from reactior{4) at 6=0°. fit. Resolution 120 meU(FWHM).
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FIG. 5. Relative populations of vibrational levets of the product ion
0.02 NH3 from reaction(2) at laboratory scattering angles @), 1° (V), and 2°
: 1 (O0); PES (@)—population of vibrational states obtained by photoelectron
spectroscopy(Ref. 11). The data are normalized to have the same areas
0.00 &= : . L under each of the curves.
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FIG. 4. Translational energy spectra of Higom reaction with NH at the states of the Nl from v =0 tov; =14 is populated. How

scattering angles 0°, 1°, and 2°; resolution 130 meV. Other details same as V€T, the population Obtai_ned k_)y charg_e Fran_Sfer diﬁers
Fig. 3. somewhat from that obtained in photoionization and it

changes with the scattering angle. The difference is most
Il RESULTS pronounced ab, .5 =0° where the population distribution is
' shifted with respect to the photoelectréranck—Condon
Figure 3 shows the translational energy spectrum offistribution by about two vibrational quanta towards higher
NHJ at the laboratory scattering anglg,s =0°. The experi- levels, peaking at about 7 or 8 and exhibiting a somewnhat
mental points show a partly resolved structure of vibrationalower population at low levels and a higher population at
transitions which correspond well to the exoergicity of reac-high vibrational levels. At the scattering angles 1° and 2° the
tion (2). The dashed peaks represent a calculated fit using thdistribution acquires a shoulder at lav§ which grows with
Gaussian peak shape and the above mentioned resolution intreasing scattering angle. Unfortunately, a sharp decrease
120 meV. The peaks were placed at the energies of vibrasf the product ion intensity with the laboratory scattering
tional spacings of the bending mode of §lHv; , as deter- angle (Fig. 6) prevented reliable measurements of transla-
mined from the photoelectron spectfd?with v =0 set at  tional energy spectra beyorfi,s =2°.
the ionization potential IMH3)=10.18 eV. This value re- The translational energy spectra from charge transfer
sults from a thorough theoretical analysif the photoelec- collisions of H&" with H,S at the laboratory scattering
tron spectrurt and it has been recently confirmed by aangles of 0°, 2°, and 3° are shown in Fig. 7. Atz =0°
ZEKE spectroscopy studyThe peak heights were adjusted mostly thev; =0 vibrational level (symmetric stretchis
to give the best agreement with the experimental points; theopulated, with a small shoulder towards lower exoergicities
solid line is the best fit simulation envelope curve. from which a small population af =1 can be derived. The
Figure 4 shows the laboratory angular dependence of thgosition of thev; =0 peak in the exoergicity scale corre-
translational energy spectra of NHThe spectra were re- sponds well to the 1fM,5)=10.466 eV obtained by photo-
corded at the laboratory scattering anglés,g) of 0°, 1°,  electron spectroscopyand it agrees, within the limits of ac-
and 2° at a somewhat lower resolutichkE =130 me\j than  curacy, with a recent more precise value from a ZEKE
the spectrum in Fig. 3. The solid line again shows the envespectroscopy experiment, 10.469 &Ref. 13. With increas-
lope curve of the best fit with variable heights of the Gaussing laboratory scattering angles the product ion signal
ian peaks. Figure 5 summarizes data on the population of thguickly decrease&Fig. 6) and measurements of translational
vy vibrational levels as derived from the spectra in Figs. 3energy spectra beyond 3° were not reliable. Over the region
and 4. The results are compared with the populations of vief 6 g of 0°—3° the low energy shoulder increases and
brational levels obtained from the photoelectron spectrosthough separate peaks could not be clearly identified, the
copy datat! Data in Fig. 5 show that both by photoionization spectrum analysi¢dashed lines in Fig.)7indicate a slight
and by charge transfer with Biea broad band of vibrational increase in the population af; >0. The results of this

J. Chem. Phys, Vol 103, Ng. 9, 1 September 1995
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FIG. 6. Comparisons of the total intensities in the translational energy spec-

tra of the H& product from reactions with N€D), NH; (V), and HS (O)

at different laboratory scattering angles. The intensities at a particular angl

were obtained as sums of all peaks in translational energy spectra and n

malized to the intensity af \g=0°.
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FIG. 7. Translational energy spectra of Hsom reaction with HS at the

laboratory scattering angles 0°, 2°, and 3° plotted against the reaction ex . . iffeté
ergicity AE. Solid line through the measured points is the sum of peakst€ Scattering related to the two pathways is differént.

(dotted resulting from computer fit.
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FIG. 8. Relative populations of vibrational levels of the product igSH

om reaction(3) at laboratory scattering angles @), 1° (V), 2° (OJ), and

° (0); PES(@)—vibrational population from photoelectron spectroscopy
(Ref. 8. The data are normalized to have the same areas under each of the
curves.

analysis for laboratory scattering angles 0°-3° are shown in
Fig. 8 as populations of vibrational levels. For comparison,
the populations of k8" vibrational states as obtained by
photoelectron spectroscdpyare given, also. The charge
transfer data in Fig. 8 show that the population of vibrational
levels are very similar to those from photoelectron spectros-
copy at 0° and indicate a slight increase of the population of
v; >1-3 with the increasing scattering angle, though the er-
ror bars on the data points are appreciable at higher scatter-
ing angles.

IV. DISCUSSION

The single-electron charge transfer between a doubly-
charged ion and a neutral particle, leading to two singly-
charged ions, can be described in terms of crossing of two
basic potential energy terms. If one for simplicity assumes
that the molecular target is a structureless, atomlike particle
(of the same IP as the molecutbe process can be described
as a crossing of two potential energy curf€gy. ¥a)]: an
ion-induced dipole attractive potential combined with repul-
sion at small internuclear separations for the reactants, and a
Coulomb repulsion curve between the two products of the
same charge. The transition is located in the vicinity of the
crossing poinR;, and can be usually treated in terms of the
Landau—Zener model. The system on the way from the re-
actant to the product asymptote can follow two different
pathways depending on whether the transition occurs on the
way in or on the way out, i.e., before or after the classical
turning point was reached. The two pathways are equally
probable, but because the system moves in successive parts
Oqf the trajectory under the influence of different potentials,

Schematic trajectories in Fig(l9 illustrate this point. The

2.9, 1 September 1995
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be expected to be determined by the respective Franck—
AE [eV] Condon factors between the neutral molecule and the mo-
- lecular ion. For very slow collisiongt.y>t,,) models
which assume well separated crossing between distinct vi-
H0 brational states were appliéd.
In our case the velocity of the projectile of 70 eV is
1 5.8x10° cm/s, and for the case of reacti(® with NH; the
average passage through the region of crossings wit§ NH
statew; =14 (R,=9 A) [see dashed curves in Figag and
vy =0 (R,=4.2 A) is aboutt,,;=1.5x10 * s to be com-
pared with the vibrational periods of the NHnolecule
75 3 10, Ree-wa (AL 4 t(v,)=3.7X10"* s (bending modeandt(v;)=1x10"*s
(symmetric stretch An analogous situation holds for scatter-
ing from H,S. Thus in our case the ratio of the times is an
intermediate between the two extremes described above. In
this situation another characteristic transition time be-
comes important defined B/

( % )1/2 6
fo= UR|F1_F2| ' ©)

EfeV]
80 -

12

\_He" +NH* |

In Eq. (6) vy is the relative velocity, anéf, andF, are the
slopes of the crossing diabatic potentialgylfs smaller than

the vibrational period, the passage through the crossing re-
gion may be treated in a single-crossing approximation and
one may expect a vibrational distribution of the molecular
product not much different from the Franck—Condon
N 7 distribution® Due to the steepness of the Coulomb repulsion
- byby b} bl Dy curve,to=1x10"° s in our case and the approximation is
applicable. We may, therefore, expect a distribution of final
FIG. 9. (a) Potential energy curves for reacti¢®) (schematically plotted mOIeCUIar vibrational states which W'_” ShOVY small devia-
as a function of the interparticle distanRéHe—NH;,); R, , crossing with the  tions from the Franck—Condon-type distribution.

Coulomb repulsion curve H&+NH; (v; =0) at 4.2 A; dashed curves The ionization process leading to the ground state of
|nd|ca+te schematically positions of crossings with Q|abatlc curvas;of7 NH;(X 2A1) is a result of a removal of a “nonbonding”
andv; =14. (b) Schematic trajectories corresponding to pathways 1 and 2 | f h | | bitaa f th
(see texx for an impact parametds; transitions occurring at the vicinity of electron from the outermost mo 620U ar 02I’ I(3 %) ort 2e
the crossing radiuB, at 1 or 2 lead to different scattering anglés,andd,, ground state molecule, NH(1la,)“ (2a,)~ (1e)* (3ay),

respectively.(c) Deflection function(schematically for the charge transfer X 1A1_ The ionization is accompanied by a change in the

procesg1); two branches, corresponding to pathways 1 and 2 join smoothly ;
atb,,. contributions tod—0° come from impact parametebg andb;, geometry of the pyramidal ground state neutral molecule to

the planar ground state of the ion. The geometrical change
results in population of a long progression of vibrational
classical deflection functiofiFig. 9(c)] then exhibits two states connected in photoionization with the pure “umbrella”
branches related to the two pathways, with an appéx,at  bending mode; of the ion, with spacings ranging from 111
which lies closely to or slightly abovR, (for very low col- to 140 me\!! In addition, the photoionization stutly
lision energiesand is displaced towards positive scatteringshowed a weak, similarly spaced progression, underlying the
anglest* The upper branch corresponds to the pathway 1, thaforementioned series and shifted by about 340 meV toward
lower branch, with a rainbow minimum, to pathway 2. It is higher energies; this progression was originally assigned to
clear from Fig. 9c) that several impact parametdismay  the combinatiorv; +nv; excitation'! a more recent theo-
contribute to the same scattering angle. However, theetical analysi$favors another assignme(v; +nv3).
Landau—Zener transition probability treatment indicates that One possible explanation of the small observed devia-
the most significant contributions to the cross section resultions in the energy spectrum from the photoionization vibra-
from large impact parameters closelg,,.** tional level populations could be distortions of the Ntdr-

In the case of collisions involving molecular systems,get by the approaching Hé (Ref. 17. The shift of the peak
crossing of multidimensional potential energy surfaces anaf the charge transfer distribution at 0° by 1-2 levels can be
excitation of vibrational and rotational states of the molecu-ascribed to a change of the bending angle by a few degrees.
lar product must be taken into consideration. The treatment i& simple estimation from the calculated potential energy
then simplest for high-energgkeV) collisions, where the curves of the NB-NH; systeni? indicates that a change in
collision time is much shorter than the vibrational period ofthe bending angle from the equilibrium 22.1° to 23.9°-25°
the molecular motiont.y<t;,. In this case the molecule would lead to the observed shift in the position of the peak of
may be regarded as “frozen” during the collision, and thethe distribution. From the bond angle one would expect a
population of vibrational states of the molecular product maygradual, consistent change in the population distribution with

J. Chem. Phys, Vol 103, Ng. 9, 1 September 1995



3500 Farnik et al.: Collisions of He?" with NH; and H,S

increasing scattering angle, presumably a further slight shiftising the translational spectroscopy method with a resolution
of the distribution peak to higher energies. This is, howeverpf 120 meV. The spectra obtained at several scattering angles
not the case: at 1° and 2° the distribution acquires a lowelose to zero show that the products are'H@P) and the
energy shoulder and its overall width increases. Indeed, itnolecular ion in its ground state.

appears to consist of two overlapping distributions, one—  From the high-resolution spectra populations of the vi-
close to the photoelectron distribution—which grows in im- brational states of the molecular ion could be derived; the
portance with increasing scattering angle, and another with wibrational state distributions differ only slightly from the
peak shifted by 1-2 quanta to higher energies which prevaildistributions obtained by photoelectron spectroscopy and the
at 0° and decreases in importance with increasing scatterinthanges may be regarded as being due to interaction of the
angle. molecular target with the approaching projectile.

An alternative explanation of the observed deviations in  In the case of NH either a small change in the bending
the vibrational level populations is based on two overlappingangle by about 2°-3° may account for the difference or,
vibrational progressions: one due to the pwie bending alternately, a change in the relative intensities of the pure
progression, growing in importance with increasing scatterbending mode progressiary and of the combination mode
ing angle, and the other one due to a combination excitatioprogressiorvy +nvs (2vj +nvy).
vy + nv, (or v +nv3), prevailing at 0° and decreasing In the case of KS, thev; =0 level is populated with
in importance with increasing scattering angle. The lattethighest probability both in photoelectron and charge transfer
was observed in photoionization as the weak band underlyspectra; a small increase in the populationvgf>0 in the
ing thevs progressiorf:” The combination band could con- charge transfer spectra is presumably due to a very small
ceivably be excited much more strongly in the charge transelistortion of the molecular target by the ion projectile.
fer process due to the fact that the stretching vibration—of a
higher frequency than the bending vibration—can be ex-
pected to be more strongly coupled to the translational moACKNOWLEDGMENTS
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