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Collisional fragmentation of fast HeH* ions: The H&*+H™ channel
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We studied the H production from the dissociation of fast HéHbrojectiles, which occurs only through the
He?* +H™ dissociative channel as electron capture is negligible at large velocities. We measured the lateral
profiles of the H ions produced in collisions of HeHwith He and Ar atoms at velocities of 2.8, 4.0, and 4.9
a.u. and extracted from them an Hkinetic energy distribution in the projectile center-of-mass frame. These
results, together with a published internuclear distance distribution measured with a similar ion source, allowed
us to obtain the potential energy curve associated to this dissociative channel. This energy curve crosses several
excited states of the Héfl and HeH ion dissociating into H&" plus H and Hé plus H, respectively,
thereby suggesting the existence of an inhibition in the fdrmation process through transition to these
HeH* and the HeH states. The presence of this inhibition was corroborated by measuring thatad cross
section for He, Ne, and Ar targets ane=4 a.u.[S1050-294{@9)01103-§

PACS numbes): 34.90-+q

I. INTRODUCTION most of the experiments yield data integrated over several
channels.

Collisional excitation and destruction of simple molecules A very interesting collision process, not requiring detailed
and small clusters are essential phenomena for a wide variegfate-selection procedures, is the dissociation of fast two-
of research areas and, as such, have been the object ofekectron molecular ions leading to the production of the
rising interest in the last decades. For instance, low-energgegative ion H, as it follows a well-defined collision chan-
collision processes, which are far from being understoodnel, if one is not concerned with the target final state. Firstly,
lead to the production of large organic molecules in the in-as fast molecules are unlikely to capture electrons from the
terstellar space and to the atmospheric concentrations é#rget and the final hydrogen nucleus carries the two elec-
ozone and the greenhouse-effect gases ,(G0,,SQ,, trons, the remaining nucléor nucleug will be fully ionized.
etc) in our planet. Molecular collision processes are alsoSecondly, the weakly bound hydrogen negative ion pos-
vital for producing atomic and molecular ions in cold plas-sesses only one bound state. Finally, if the projectile has
mas, as the ones obtained in ion sources. electric dipole moment and travels a few microseconds from

However important these processes are in nature, oniée ion source to the collision region, it is expected to be in
must also remark that they present the common feature dhe ground vibrational state and to present a Maxwell-
being much harder to tackle than their atomic equivalentsBoltzmann rotational distribution, as experimentally verified
Bound electronic states may possess hundreds of rovibr&y Kanteret al. [1] for HeH" ions produced in a rf ion
tional levels, and cross sections are, for some processesQurce.
strongly dependent on these rovibrational levels. The inter- The most studied two-electron case is the production of
action Hamiltonian for collision-induced molecular transi- H™ ions through the collisional dissociation of;H mol-
tions is usually separated in nuclear and electronic termsgcules. It has been investigated in detail by several authors
respectively, leading to rovibrational and electronic pro-[2] in the low velocity regime {0.2v) and is usually in-
cesses, in a Born-Oppenheimer framework and with théerpreted as the three particle breakup H-H™ +H™
same limitations. There is also the intrinsic difficulty of ob- +H™, electron capture being neglected. Experimental work
taining the potential energy surfaces of the molecule and, ifas concentrated on determining, from the laboratory energy
slow collisions, for the quasimolecule. All these complexi- distribution of the scattered fragments, the total energy trans-
ties, mostly without correspondence in the atomic case, leafitrred to the H™ ion, namely,Q, the kinetic energyw re-
to very few calculations being available, even for the totalleased during the collision, and the asymptotic angle between
destruction cross section of the simplest molecules, with #he two H" momenta in the projectile center-of-mass frame.
very limited range of energies and choice of projectiles and The H;*—H"+H"+H™ case at high velocities, say, a
targets being found in the literature. The experimental situafew atomic units, has been studied by our group employing a
tion is somewhat more comfortable than its theoretical counmethod for determining the momenta of the outgoing frag-
terpart but, the initial, théeventual intermediate, and the ments[3], available for fast particles. In short, the method
final states of the molecular projectile are usually incom-uses the fact that the trajectories of the outgoing fragments of
pletely known, as also is the final state of the target, and high velocity molecular ion are confined to the interior of a

narrow forward-directed cone, their angular deflections being
a direct measure of the transverse velocity, provided the

*Electronic address: barbatti@if. ufrj.br original parent beam is well collimated. The fragmentation
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frame. Although anisotropies were reported as being imporMV Van de Graaff accelerator employing its standard radio
tant for transfer ionization and transfer excitation at largerfrequency ion source. The beam, after collimation to a diam-
relative velocitieg4], where they are proposed to originate eter of less than 0.1 mm by a set of staggered crossed pairs of
from interference of scattering amplitudes from the twomicrometric sliding slits, passed through a windowless dif-
atomic centers of the hydrogen molecule, in our velocityferentially pumped gas target 10 cm long. The ratio of the
range, they are expected to be negligible. Under the assumpressures inside and outside the gas cell was approximately
tion of the spectator model, the projectile nuclei do noteqyg) to 18.

change their momenta during the collision and, conse- 'gehing the gas target the incident beam and the reaction
guently, the transverse velocity of each fragment is equal t%roducts passed through a magnetic analyzer, which sepa-

its c.m. velocity projected on the plane perpendicular 10 itS 50 the several charge-mass states. A silicon surface barrier

trajectory. By employing a magnetic analyzer to separate thaetector was mounted at the 15° exit of the analyzing magnet

components under study from the original beam, the transl-n order to record the arrival of Hions coming from the
verse velocity of the fragments can be determined by scan- 9

ning the fragment beam profile at a sufficiently large distancéi'ssoc"”Itlon of the |r.10|c_ient. HeHions a_nd to determine thqr
downstream the collision site, leading to the ¢.m. energy distransverse spatial distributions. The distance between this de-

tribution. The integral equation relating the measured laterafector and the gas target was 150 cm. It was verified that the
distribution to the c.m. one was numerically solved in refer-Original beam had a diameter still smaller than 0.15 mm at
ence[3], this computing procedure being improved in the the position of the detectors. Distortions due to magnetic-
present paper. field edge effects were.obsgrv'ed to be n'egllglble.

The presently studied HeH-He?* +H~ fragmentation The transverse spatial distributighprofile” ) of the H-
channel is even simpler to measure and analyze. It does nfgment beam was determined first. Since, in the high ve-
require the positive ions to be detected in coincidence witHOCity regime these ions are only produced through the
the negative ones as they form asymptotically a two-particldieH —HE " +H" reaction channel, no coincidence was
system where, in the spectator model, the nuclei c.m. velodJ€cessary but, even so, the incident beam current must be
ity in the laboratory frame remains unchanged. The HeH mpnltored for normz_illzatlon purposes. This was done using a
fragmentation data, besides yielding the c.m. energy distriSilicon surface barrier detector placed-al5° that records
butions for the H and the H&* fragments, should depend the H* ions. The H ions were _detect_ed by a small silicon
only on the initial internuclear distribution, i.e., the square ofSurface barrier detector fitted with a circular aperture of 0.35
the initial vibrational state wave function, and the potentiamm diameter. The H beam was scanned by moving the
energy curve of the corresponding excited molecular state, fl€tector along a line perpendicular to the magnet's plane of
one assumes the applicability of the reflection, or mirror,deflection across the exit opening. Care was taken to assure
approximation5]. The choice of projectile velocities larger that the scanning line passed through the center of the frag-
than the orbital velocities of the target valence electrons ledn€nt beam distribution. The recorded number of ions at each
to a dissociation profile that was, essentially, target andletector position was normalized to equal amounts of inci-
velocity-independent. This profile together with a publisheddent HeH  using the proton count.

HeH* internuclear distance distribution, measured by Kanter The same basic setup was employed for the measurement
et al.[1] with a similar ion source, can allow an estimate for of the H™ production cross section, the small surface barrier

the potential energy curve associated to this dissociativEetector being replaced by a large one to avoid particle
channel. losses. The target pressure was measured by a thermocouple

According to the potential energy curves calculated bydauge, calibrated against a McLeod for each gas. The gas
Michels [6], the HeH ion preferentially breaks up as targetthickness uncertainty was estimated as 10%, being due
He+H*. Another two-electron molecular projectile, the™H to_the_callbratlon procedure and the McLeod gauge uncer-
ion, also presents a Hproduction cross section three orders fainty itself.
of magnitude smaller than the one for its destruction, and this
points to the presence of similar phenomena in HeMs in B. Center-of-mass energy distributions

the HeH'" case, if one considered the excitation energies of A typical experimental transverse spatial distribution of
the several channels ofsH and employed simple statistical the H~ jons is shown in Fig. 1. The observed shapes of the
models for redistributing the electrons among the nuclei, dragment beam distributions are entirely due to the
The lack of calculated &t potential energy surfaces did not peam has a diameter experimentally verified to be smaller
allow a full understanding of which excited electronic statesihan 0.15 mm at the detector site and the target pressures
were responsible for the Hinhibition; a discussion pre- corresponded to the single collision regime. It is then pos-
sented in Ref[7] suggested states with,Cnuclear geom-  siple to extract the c.m. velocity distributions of the frag-
etries. The H production from the HeH ion, with a sim-  ments from the shapes of their respective beam profiles, pro-

pler geometry, promised to be easier to understand. vided the spectator model is valid: Only the incident
molecule electrons patrticipate in the collision. This is reason-
Il. EXPERIMENTAL ARRANGEMENT AND METHODS able since the projectile nuclei would only suffer an appre-

ciable deflection when coming close to the nucleus of the
target atom and the probability for this to happen is much

The experimental setup was described elsewh&leln  smaller than the probability of electron-electron scattering. It
brief, the HeH ion beam was obtained from the PUC-Rio 4 is, therefore, assumed that the two nuclei are not disturbed

A. Experimental setup



1990 M. BARBATTI et al. PRA 59

' ' ' tion of the H™ fragments. The best results were obtained for

08 . ] a Maxwell-Boltzmann type curve given by
o | - ]
= . . f(Om) =20 O+ 21(Om) ] €XPL —82(O—23)%].  (2)
o] [ [ | 1
o o4l - i The process was improved by a numerical fit of this analyti-
< - ] cal expression. Through if®;} parameters, this distribution
= 03 b n | was changed in a systematic way, the integral in(Epwas
o - calculated and the resulis;;(b), compared ta,(b) until
- b . .
2 [ . a good fit had been obtained.
T 02 r ] The c.m. energy distribution
'_
0 [
o o 7 f(o
R . _ (E)- ()

ool = ® L . 1 L 1 . 2AB Se@( '9m) tan( am)

10 5 0 5 10

DISPLACEMENT (mm) f(Om)

" 2AE(6) + BILE(6) BTV2' ®

where 8= 10PEy(MeV)/5, A is the normalization constant,

and E(6,,) = Btarf(6,,), was considered satisfactory when

by the collision(except for a small loss in kinetic energy due the difference between the areas under the cugyed) and

to the excitation of HeH), implying that the total momen- Jexp(b) was smaller than 3%.

tum of the molecular ion fragments is still equal to the pro-

jectile’s initial momentum. On the other hand, the electronic

configuration may be altered during collision and this, in the o )

present case, leads to a self-dissociative excited state and FOr low pressures and fast projectiles, no higher-order

subsequent molecule fragmentation. processes are present, such as H prodgqhon followed by
An important assumption entering the data analysis is tha¢lectron attachment in a subsequent collision, and the H

the dissociation process occurs only within the gas targefraction is a single collision process. Henceforth, this H

i.e., no long-lived metastable intermediate state is formed. I¥i€ld is a linear function of the pressur, = o x, where

such a state existed, dissociation could occur at a point clos¢f IS the H™ production cross section andis the target

to the detectors, and consequently, the fragments lateral dilickness in atoms per unit area. Our cross section values

persion at the detection plane would be smaller. This possivere obtained in this region.

bility, leading to a non-Gaussian shape for the lateral distri- |f one neglects electron capture, which leads to a small

bution, was not verified in the present experiments. asymptotic value for the yield as the target thickness in-
Qualitatively, it is clear that the width of a fragment's creases, the analytical expression for the yield is

beam profile will increase with its ¢.m. velocity. ,, , and

FIG. 1. A typical transverse spatial distribution of thé kbns.
The projectile velocity was 4.9 a.u. and the target was argon.

C. H™ production cross sections

_exXp(— ogX) —exp(— oX)

that the observed shape of the beam profile will be the result F =o ' (4)
of the contribution of many different velocities with appro- 0~ 04

priate weights. The transverse spatial distribution of frag- ) i )

ments,g(b), is given by the integral relation where a4 is the destruction cross section of the HelB]

and o is the electron loss cross section of H9]. Cross
oM section values were also extracted from the high-pressure
g(b)= fo "N(b, 0m) f(6m)d O, (1) region of this curve, if available, and compared with the ones
coming from the growth rate method at low pressures, agree-
ing within 15%. In these cases an average was taken of both
where 6,, is the maximum deflection angle for a given values and the error bar was estimated as 15%.
vem N(b,6,,) is the transverse distribution for a given

0.,f(6,) is the probability density function for this angle, lll. RESULTS AND DISCUSSION

and 0m is the largest deflection angle for a given projectile

energy. The c.m. energy distributions of the Hons, all normal-
The transverse spatial distribution of a fragmenf,(b),  ized to unity area, are displayed in Fig. 2, with their param-

was numerically generated from E@) and was compared eters being given in Table I. Assuming that no linear mo-
to the smoothed experimental daga,(b). Briefly, this was  mentum is transferred between target and projectile, i.e., the
done using the fact thai. ., is related to the maximum so-called spectator model, the absolute values of the hydro-
deflection angle in the laboratory,,, through the relation gen and the helium linear momenta in the c.m. frame will be
0,=arctan (., /v), wherev is the initial projectile velocity. equal. The four c.m. energy distributions are similar to each
Assuming an isotropic orientation ef; ,, and taking into other, as expected from the reflectignirror) approximation
account the limited area of the detector, we have calculatefb], where the HeHl internuclear distance distribution is re-
N(b, 8, for a well defined value of . ,, [3]. The next step flected to a dissociative state going into Hand H . This

was to choose a functional relation to c.m. velocity distribu-process is then interpreted as a noble gas valence electron
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FIG. 2. The normalized center-of-mass energy distribution of CENTER-OF-MASS ENERGY (hartrees)
the H™ ions. It was obtained by averaging distributions, also shown, o
coming from four different experiments. FIG. 3. H ,H&", and total center-of-mass energy distributions,

normalized to unity area.

colliding with the HeH molecule and inducing a transition _ . . .
to an excited state. The R and the total c.m. kinetic en- Studied state or be respongble for its Qegtrugthn. There are,
ergies of the fragments are obtained by multiplying the H however, a few HeH" excited statesthis ion is important

energy by 1/4 and 5/4, respectively, with the distributions,2S @ three-body system with a well-known interactiaith
also normalized to unity area, being shown in Fig. 3. asymptotic energies lying in this region, as calculated by

As far as the authors are aware, there are no publishegaes and CarsofL3] (see Fig. 4, with more recent works
values for HeH potential energy curve of the presently 2€iNg given in Ref[14]. We can also estimate which HeH
studied dissociative state. Using the mirror approximation, i{€V€lS: asymptotically leading to Hén’) +H(n), fall at the
was possible to obtain this curve employing the total c.mregion of interest. As these two are hydrogenic systems, one
kinetic distribution(Fig. 3 and the internuclear distance dis- &S
tribution obtained by Kantegt al.[1] (Fig. 4). This potential
energy curve was, subsequently, equalized, at a large inter- B 4 1
nuclear distance, with the potential energy given by T (n')2 W :

Ep(R)zE;“—E——4, corresponding to states either withm1 and n’=3(E=
R R —0.72 hartregsor with n’'=2 andn=2 (E=-0.63 har-

ith EZ being th i adth jariz- e8S:
with E, being the asymptotic energy awdthe H™ polariz- While fast H particles coming from the fragmentation of

ibility. The asymptotic energies for the ground and the PréSthese Held™ states could make single capture from the tar-

ently studied states of the HeHare, respectively;-2.9787 ot atoms, this event being very unlikely at the MeV energy
[10] and —0.5267 hartreefl1] and the H polarizibility is  \5qe  these HeH excited states may play a more relevant

equal to 200 a.y.12]. _ " role as an intermediate step in the Hproduction. These
As already stated, there are no published values forHeH o+ gtates may have the outgoing H atom capturing the
potential energy curves for highly excited states such as thge+ gjectron in a half-collision at eV energies. As this indi-

one studied in the present paper, although the understanding. mechanism would lead to structures in the c.m. energy
of this process would be greatly enhanced by this analysis :ﬁi

X . . tribution, and these were not observed, one can conclude
these states can either be intermediate steps for the presenfl\,; 1 onsitions to the presently studied state through these

nearby HeH excited states were not important.

Although presenting an overall agreement, a few points
should be made concerning the four curves in Fig. 3. Firstly,
the three parametereak, mean, and full width at half
maximum) increase with the projectile energy both for the

TABLE I. H™ center-of-mass energies for He targetsaat2.8
a.u. and(b) 4.0 a.u.; for Ar targets afc) 2.8 a.u. andd) 4.9 a.u.:
peak, mean, and FWHM values.

H™ c.m. energy(hartree

Experiment Peak Mean EWHM helium and for the argon targets, with the exception of the
mean for the argon target. These energy and target depen-
@ 0.118+0.007 0.21-0.01 0.2730.006 dences may be du@) to a breakup of the Franck-Condon
(b) 0.147-0.008  0.24-0.01  0.306:0.006 principle and the reflection rule, resulting in an energy-
(0 0.140+0.008 0.24-0.01 0.254- 0.006 dependent transition elemer(h) to target electron orbital
(d) 0.156+0.009 0.230.01 0.289-0.006 velocities being comparable to the projectile velocity, hence-

Average 0.139 0.009 0.23-0.01 0.2870.006 forth going outside a free collision model framework,(or
to an alignment effect between the molecular initial orienta-
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FIG. 4. Relevant electronic energies curves to
H~ production from HeH. The electronic
ground state is th¥'S ", from Ref.[6]. The dis-
sociative level was obtained from the experimen-
tal data, the internuclear distance distribution
(bottom) taken from Ref[1], and the normalized
total c.m. energy distributiofright) as explained
on the text. The curve of the total kinetic distri-
bution was dislocated by a factor of 0.5267
3k » hartrees, as it represents the distribution of kinetic
sl ' ' ] i 2 energy above the dissociation limit. Excited
NORM. DISTRIBUTION states of HeR" are also shown. The hachured
1ok _ region represents the asymptotic energies of
highly excited HeH ions that break up as
05 j He" (n’)+H(n).
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tion and the beam direction. Concerning the first point, thecurves dissociating into Heand H. This suggests that tran-
Franck-Condon principle is just an approximation, and dis-sitions to these states are the most likely source of inhibition
agreements between its predictions and experimental resuls the H~ production. In particular, for the available c.m.
are well known in the literaturgl5]. The present case may energies, of the order a few eV, and the collision process
be described, in a free collision model picture, as an almos{je? " + H-—He" +H, Peart and BenngtL6] got cross sec-
free noble gas valence electron colliding with the HeH tions as high as 10" cn®. This larger inhibition would
molecule. As the projectile velocity is not so much largerthen be probably associated to the transitions to Hetétes
than the orbital velocities of these electrons, the energy ofjissociating into H&(n') and H1), due to the very small
this “quasi-free electron™ in the projectile frame and, con- energy defects for these processes, the dominant states being
sequently, the transition elements may also be targethose withn’ equal to 3, 4, and mainly, 5. On the other hand,
dependent. Finally, energy dependence may also arise frofje potential curve for the H-producing dissociative state
alignment effect$4] but, although in transfer ionization pro- ¢rosses several HEH curves dissociating either into He
cesses at high velocities they are present and increase Willhd H* or into H&* and H. These statespzr, 2pm, 2so,
energy, no such effects were verified for double ionizationgq 3o, are shown in Fig. 4, as calculated by Bates and
and ionization excitation processes, even at large velocitie%arsorﬂ?,]_ They may also play a role in the Hnhibition,

In short, small discrepancies appear among the four curves e transition presenting the smallest energy defect being as-

Fig. 3 with several possible physical causes, and measurgyciated to the single ionization of Hperturbated by the
ments in a wider energy range may be needed in order tp2+ field and producing He +H(1s)+e".
clarify this situation. ’

Roughly, a very simple statistical model for the Kbro-
duction from HeH fragmentation would be as follows: It IV. CONCLUSIONS
will lead to an H ion if, at the instant of the collision, the The center-of-mass enerav distribution has b btained
two electrons are near the projectile proton. The probability, - gy distribution has been obtaine
for an electron to be near one nucleus is further assumed {§" H+ 0”9"16‘“”9, from.the COI.“S'Qnal dlsspplatlon process
be independent on the presence of another electron. Wit .eH —He*" +H" at high projectile velocities, ffo”? f°‘.”
these very rough assumptions, in Hekhe probability for a ifferent sets of da_ta.' The four c.m. energy dlstrl_bytlons
departing nucleus to carry two electrons will be equal to l/4prese_nt an overa_ll 3|m_|lar|ty, showmg_ the over_all validity of
Nevertheless, the present experiment has yieldegbidduc- the simple reflection picture and of this averaging procedure.
tion cross sections in He, Ne, and Ar targets st There are, however, small energy and target dependences,
=4.0 a.u., shown in Table II, which were three orders of
magnitude smaller than the total HéHlestruction cross sec-
tions. Although expected in the grounds of comparison wit
a similar two-electron molecule, H, this result would in-

TABLE Il. H™~ production cross sectiong;(HeH" —H™), at
=40 a.u. in He, Ne, and Ar targets (18 cn?).

. b - HeH" —H~
dicate an inhibition process, where Hs destroyed after o 9_> )
i Target element (10° cn?)
being produced.
The potential energy curve for the He+rH™ channel, He 0.24-0.03
estimated with the present results for the K.m. distribu- Ne 0.99-0.15
tion, lies very near to several H8H curves dissociating Ar 1.40+0.21

either into HE& and H' or into HE™ and H, and to HeH
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suggesting the need for further measurements in a wider efoints to an inhibition in the process of Hormation, with

ergy range and with heavier targets. . one H™ electron being, in a second step, transferred to the
The total c.m. energy distribution, together with a pub-He2+ jon or even to the continuum. Analyzing the electronic

lished internuclear distance distribution measured with &tates of the Held molecule, one notices that the potential

similar ion source, allowed obtaining the potential energyenergy curve for the present channel lies very near to several

curve associated to this dissociative channel. The knowledgge 2+ cyrves and also that, asymptotically, it comes very

of this curve, neither calculated nor measured before, is relqear to several HeH states dissociating into Heand H. It

evant for understanding the Horoduction results, also mea- g thereby suggested that transition to these Hekhd

sured in the present paper. _ HeH?* states may lead to the inhibition process, the relative
Considering the H production cross sections, measuredjmnortance of each channel requiring further theoretical

for He, Ne, and Ar targets at=4 a.u., the H yields \york.

(o7 1oy) for these three targets agree within 20%, thereby

showing that possible target dependences are smaller than

this percentual value. The indirect mechanism of ptoduc- ACKNOWLEDGMENTS
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