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Collisional fragmentation of fast HeH1 ions: The He211H2 channel
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~Received 22 April 1998; revised manuscript received 31 August 1998!

We studied the H2 production from the dissociation of fast HeH1 projectiles, which occurs only through the
He211H2 dissociative channel as electron capture is negligible at large velocities. We measured the lateral
profiles of the H2 ions produced in collisions of HeH1 with He and Ar atoms at velocities of 2.8, 4.0, and 4.9
a.u. and extracted from them an H2 kinetic 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 HeH21 and HeH1 ion dissociating into He21 plus H and He1 plus H, respectively,
thereby suggesting the existence of an inhibition in the H2 formation process through transition to these
HeH21 and the HeH1 states. The presence of this inhibition was corroborated by measuring the H2 total cross
section for He, Ne, and Ar targets andv54 a.u.@S1050-2947~99!01103-8#

PACS number~s!: 34.90.1q
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I. INTRODUCTION

Collisional excitation and destruction of simple molecu
and small clusters are essential phenomena for a wide va
of research areas and, as such, have been the object
rising interest in the last decades. For instance, low-ene
collision processes, which are far from being understo
lead to the production of large organic molecules in the
terstellar space and to the atmospheric concentration
ozone and the greenhouse-effect gases (CO2,NOx ,SOx ,
etc.! in our planet. Molecular collision processes are a
vital for producing atomic and molecular ions in cold pla
mas, as the ones obtained in ion sources.

However important these processes are in nature,
must also remark that they present the common featur
being much harder to tackle than their atomic equivale
Bound electronic states may possess hundreds of rov
tional levels, and cross sections are, for some proces
strongly dependent on these rovibrational levels. The in
action Hamiltonian for collision-induced molecular trans
tions is usually separated in nuclear and electronic ter
respectively, leading to rovibrational and electronic p
cesses, in a Born-Oppenheimer framework and with
same limitations. There is also the intrinsic difficulty of o
taining the potential energy surfaces of the molecule and
slow collisions, for the quasimolecule. All these comple
ties, mostly without correspondence in the atomic case,
to very few calculations being available, even for the to
destruction cross section of the simplest molecules, wit
very limited range of energies and choice of projectiles a
targets being found in the literature. The experimental sit
tion is somewhat more comfortable than its theoretical co
terpart but, the initial, the~eventual! intermediate, and the
final states of the molecular projectile are usually inco
pletely known, as also is the final state of the target, a
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most of the experiments yield data integrated over sev
channels.

A very interesting collision process, not requiring detail
state-selection procedures, is the dissociation of fast t
electron molecular ions leading to the production of t
negative ion H2, as it follows a well-defined collision chan
nel, if one is not concerned with the target final state. Firs
as fast molecules are unlikely to capture electrons from
target and the final hydrogen nucleus carries the two e
trons, the remaining nuclei~or nucleus! will be fully ionized.
Secondly, the weakly bound hydrogen negative ion p
sesses only one bound state. Finally, if the projectile
electric dipole moment and travels a few microseconds fr
the ion source to the collision region, it is expected to be
the ground vibrational state and to present a Maxw
Boltzmann rotational distribution, as experimentally verifi
by Kanter et al. @1# for HeH1 ions produced in a rf ion
source.

The most studied two-electron case is the production
H2 ions through the collisional dissociation of H3

1 mol-
ecules. It has been investigated in detail by several auth
@2# in the low velocity regime (;0.2v0) and is usually in-
terpreted as the three particle breakup H3

1→H11H1

1H2, electron capture being neglected. Experimental w
has concentrated on determining, from the laboratory ene
distribution of the scattered fragments, the total energy tra
ferred to the H3

1 ion, namely,Q, the kinetic energyW re-
leased during the collision, and the asymptotic angle betw
the two H1 momenta in the projectile center-of-mass fram

The H3
1→H11H11H2 case at high velocities, say,

few atomic units, has been studied by our group employin
method for determining the momenta of the outgoing fra
ments@3#, available for fast particles. In short, the metho
uses the fact that the trajectories of the outgoing fragment
a high velocity molecular ion are confined to the interior o
narrow forward-directed cone, their angular deflections be
a direct measure of the transverse velocity, provided
original parent beam is well collimated. The fragmentati
process was assumed to be isotropic, i.e., there are no
erential directions of emission in the center-of-mass~c.m.!
1988 ©1999 The American Physical Society
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frame. Although anisotropies were reported as being imp
tant for transfer ionization and transfer excitation at larg
relative velocities@4#, where they are proposed to origina
from interference of scattering amplitudes from the tw
atomic centers of the hydrogen molecule, in our veloc
range, they are expected to be negligible. Under the assu
tion of the spectator model, the projectile nuclei do n
change their momenta during the collision and, con
quently, the transverse velocity of each fragment is equa
its c.m. velocity projected on the plane perpendicular to
trajectory. By employing a magnetic analyzer to separate
components under study from the original beam, the tra
verse velocity of the fragments can be determined by sc
ning the fragment beam profile at a sufficiently large dista
downstream the collision site, leading to the c.m. energy
tribution. The integral equation relating the measured late
distribution to the c.m. one was numerically solved in ref
ence @3#, this computing procedure being improved in t
present paper.

The presently studied HeH1→He211H2 fragmentation
channel is even simpler to measure and analyze. It does
require the positive ions to be detected in coincidence w
the negative ones as they form asymptotically a two-part
system where, in the spectator model, the nuclei c.m. ve
ity in the laboratory frame remains unchanged. The He1

fragmentation data, besides yielding the c.m. energy dis
butions for the H2 and the He21 fragments, should depen
only on the initial internuclear distribution, i.e., the square
the initial vibrational state wave function, and the potent
energy curve of the corresponding excited molecular stat
one assumes the applicability of the reflection, or mirr
approximation@5#. The choice of projectile velocities large
than the orbital velocities of the target valence electrons
to a dissociation profile that was, essentially, target a
velocity-independent. This profile together with a publish
HeH1 internuclear distance distribution, measured by Kan
et al. @1# with a similar ion source, can allow an estimate f
the potential energy curve associated to this dissocia
channel.

According to the potential energy curves calculated
Michels @6#, the HeH1 ion preferentially breaks up a
He1H1. Another two-electron molecular projectile, the H3

1

ion, also presents a H2 production cross section three orde
of magnitude smaller than the one for its destruction, and
points to the presence of similar phenomena in HeH1. As in
the HeH1 case, if one considered the excitation energies
the several channels of H3

1 and employed simple statistica
models for redistributing the electrons among the nucle
factor of only one order of magnitude would be expect
The lack of calculated H3

1 potential energy surfaces did no
allow a full understanding of which excited electronic sta
were responsible for the H2 inhibition; a discussion pre
sented in Ref.@7# suggested states with C2v nuclear geom-
etries. The H2 production from the HeH1 ion, with a sim-
pler geometry, promised to be easier to understand.

II. EXPERIMENTAL ARRANGEMENT AND METHODS

A. Experimental setup

The experimental setup was described elsewhere@3#. In
brief, the HeH1 ion beam was obtained from the PUC-Rio
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MV Van de Graaff accelerator employing its standard ra
frequency ion source. The beam, after collimation to a dia
eter of less than 0.1 mm by a set of staggered crossed pa
micrometric sliding slits, passed through a windowless d
ferentially pumped gas target 10 cm long. The ratio of t
pressures inside and outside the gas cell was approxima
equal to 103.

Behind the gas target the incident beam and the reac
products passed through a magnetic analyzer, which s
rated the several charge-mass states. A silicon surface ba
detector was mounted at the 15° exit of the analyzing mag
in order to record the arrival of H2 ions coming from the
dissociation of the incident HeH1 ions and to determine thei
transverse spatial distributions. The distance between this
tector and the gas target was 150 cm. It was verified that
original beam had a diameter still smaller than 0.15 mm
the position of the detectors. Distortions due to magne
field edge effects were observed to be negligible.

The transverse spatial distribution~‘‘profile’’ ! of the H2

fragment beam was determined first. Since, in the high
locity regime these ions are only produced through
HeH1→He211H2 reaction channel, no coincidence wa
necessary but, even so, the incident beam current mus
monitored for normalization purposes. This was done usin
silicon surface barrier detector placed at215° that records
the H1 ions. The H2 ions were detected by a small silico
surface barrier detector fitted with a circular aperture of 0
mm diameter. The H2 beam was scanned by moving th
detector along a line perpendicular to the magnet’s plane
deflection across the exit opening. Care was taken to as
that the scanning line passed through the center of the f
ment beam distribution. The recorded number of ions at e
detector position was normalized to equal amounts of in
dent HeH1 using the proton count.

The same basic setup was employed for the measurem
of the H2 production cross section, the small surface barr
detector being replaced by a large one to avoid part
losses. The target pressure was measured by a thermoc
gauge, calibrated against a McLeod for each gas. The
target thickness uncertainty was estimated as 10%, being
to the calibration procedure and the McLeod gauge unc
tainty itself.

B. Center-of-mass energy distributions

A typical experimental transverse spatial distribution
the H2 ions is shown in Fig. 1. The observed shapes of
fragment beam distributions are entirely due to t
asymptotic velocities of these fragments as the HeH1 parent
beam has a diameter experimentally verified to be sma
than 0.15 mm at the detector site and the target press
corresponded to the single collision regime. It is then p
sible to extract the c.m. velocity distributions of the fra
ments from the shapes of their respective beam profiles,
vided the spectator model is valid: Only the incide
molecule electrons participate in the collision. This is reas
able since the projectile nuclei would only suffer an app
ciable deflection when coming close to the nucleus of
target atom and the probability for this to happen is mu
smaller than the probability of electron-electron scattering
is, therefore, assumed that the two nuclei are not distur
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1990 PRA 59M. BARBATTI et al.
by the collision~except for a small loss in kinetic energy du
to the excitation of HeH1), implying that the total momen
tum of the molecular ion fragments is still equal to the p
jectile’s initial momentum. On the other hand, the electro
configuration may be altered during collision and this, in t
present case, leads to a self-dissociative excited state
subsequent molecule fragmentation.

An important assumption entering the data analysis is
the dissociation process occurs only within the gas tar
i.e., no long-lived metastable intermediate state is formed
such a state existed, dissociation could occur at a point cl
to the detectors, and consequently, the fragments lateral
persion at the detection plane would be smaller. This po
bility, leading to a non-Gaussian shape for the lateral dis
bution, was not verified in the present experiments.

Qualitatively, it is clear that the width of a fragment
beam profile will increase with its c.m. velocity,vc.m. , and
that the observed shape of the beam profile will be the re
of the contribution of many different velocities with appr
priate weights. The transverse spatial distribution of fra
ments,g(b), is given by the integral relation,

g~b!5E
0

u m
M

N~b,um! f ~um!dum , ~1!

where um is the maximum deflection angle for a give
vc.m. ,N(b,um) is the transverse distribution for a give
um , f (um) is the probability density function for this angle
andum

M is the largest deflection angle for a given project
energy.

The transverse spatial distribution of a fragment,gf it(b),
was numerically generated from Eq.~1! and was compared
to the smoothed experimental data,gexp(b). Briefly, this was
done using the fact thatvc.m. is related to the maximum
deflection angle in the laboratory,um , through the relation
um5arctan (vc.m. /v), wherev is the initial projectile velocity.
Assuming an isotropic orientation ofvc.m. and taking into
account the limited area of the detector, we have calcula
N(b,um) for a well defined value ofvc.m. @3#. The next step
was to choose a functional relation to c.m. velocity distrib

FIG. 1. A typical transverse spatial distribution of the H2 ions.
The projectile velocity was 4.9 a.u. and the target was argon.
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tion of the H2 fragments. The best results were obtained
a Maxwell-Boltzmann type curve given by

f ~um!5a0@um1a1~um!2# exp@2a2~um2a3!2#. ~2!

The process was improved by a numerical fit of this anal
cal expression. Through its$ai% parameters, this distribution
was changed in a systematic way, the integral in Eq.~1! was
calculated and the result,gf it(b), compared togexp(b) until
a good fit had been obtained.

The c.m. energy distribution

f ~E!5
f ~um!

2Ab sec2~um! tan~um!

5
f ~um!

2A@E~um!1b#@E~um!/b#1/2
, ~3!

whereb5106E0(MeV)/5, A is the normalization constant
and E(um)5b tan2(um), was considered satisfactory whe
the difference between the areas under the curvesgf it(b) and
gexp(b) was smaller than 3%.

C. H2 production cross sections

For low pressures and fast projectiles, no higher-or
processes are present, such as H production followed
electron attachment in a subsequent collision, and the2

fraction is a single collision process. Henceforth, this H2

yield is a linear function of the pressure,F25s2x, where
s2 is the H2 production cross section andx is the target
thickness in atoms per unit area. Our cross section va
were obtained in this region.

If one neglects electron capture, which leads to a sm
asymptotic value for the yield as the target thickness
creases, the analytical expression for the yield is

F25s2
exp~2sdx!2exp~2s lx!

s l2sd
, ~4!

wheresd is the destruction cross section of the HeH1 @8#
and s l is the electron loss cross section of H2 @9#. Cross
section values were also extracted from the high-press
region of this curve, if available, and compared with the on
coming from the growth rate method at low pressures, ag
ing within 15%. In these cases an average was taken of b
values and the error bar was estimated as 15%.

III. RESULTS AND DISCUSSION

The c.m. energy distributions of the H2 ions, all normal-
ized to unity area, are displayed in Fig. 2, with their para
eters being given in Table I. Assuming that no linear m
mentum is transferred between target and projectile, i.e.,
so-called spectator model, the absolute values of the hy
gen and the helium linear momenta in the c.m. frame will
equal. The four c.m. energy distributions are similar to ea
other, as expected from the reflection~mirror! approximation
@5#, where the HeH1 internuclear distance distribution is re
flected to a dissociative state going into He1 and H2. This
process is then interpreted as a noble gas valence ele
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PRA 59 1991COLLISIONAL FRAGMENTATION OF FAST HeH1 . . .
colliding with the HeH1 molecule and inducing a transitio
to an excited state. The He21 and the total c.m. kinetic en
ergies of the fragments are obtained by multiplying the H2

energy by 1/4 and 5/4, respectively, with the distributio
also normalized to unity area, being shown in Fig. 3.

As far as the authors are aware, there are no publis
values for HeH1 potential energy curve of the present
studied dissociative state. Using the mirror approximation
was possible to obtain this curve employing the total c
kinetic distribution~Fig. 3! and the internuclear distance di
tribution obtained by Kanteret al. @1# ~Fig. 4!. This potential
energy curve was, subsequently, equalized, at a large in
nuclear distance, with the potential energy given by

Ep~R!5Ep
`2

2

R
2

a

R4 ,

with Ep
` being the asymptotic energy anda the H2 polariz-

ibility. The asymptotic energies for the ground and the pr
ently studied states of the HeH1 are, respectively,22.9787
@10# and20.5267 hartrees@11# and the H2 polarizibility is
equal to 200 a.u.@12#.

As already stated, there are no published values for He1

potential energy curves for highly excited states such as
one studied in the present paper, although the understan
of this process would be greatly enhanced by this analysi
these states can either be intermediate steps for the pres

TABLE I. H2 center-of-mass energies for He targets at~a! 2.8
a.u. and~b! 4.0 a.u.; for Ar targets at~c! 2.8 a.u. and~d! 4.9 a.u.:
peak, mean, and FWHM values.

H2 c.m. energy~hartree!
Experiment Peak Mean FWHM

~a! 0.11860.007 0.2160.01 0.27360.006
~b! 0.14760.008 0.2460.01 0.30660.006
~c! 0.14060.008 0.2460.01 0.25460.006
~d! 0.15660.009 0.2360.01 0.28960.006

Average 0.13960.009 0.2360.01 0.28760.006

FIG. 2. The normalized center-of-mass energy distribution
the H2 ions. It was obtained by averaging distributions, also sho
coming from four different experiments.
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studied state or be responsible for its destruction. There
however, a few HeH21 excited states~this ion is important
as a three-body system with a well-known interaction! with
asymptotic energies lying in this region, as calculated
Bates and Carson@13# ~see Fig. 4!, with more recent works
being given in Ref.@14#. We can also estimate which HeH1

levels, asymptotically leading to He1(n8)1H(n), fall at the
region of interest. As these two are hydrogenic systems,
has

E`52S 4

~n8!2
1

1

~n!2D 0.5,

corresponding to states either withn51 and n8>3(E>
20.72 hartrees! or with n852 and n>2 (E>20.63 har-
trees!.

While fast H particles coming from the fragmentation
these HeH21 states could make single capture from the t
get atoms, this event being very unlikely at the MeV ener
range, these HeH1 excited states may play a more releva
role as an intermediate step in the H2 production. These
HeH1 states may have the outgoing H atom capturing
He1 electron in a half-collision at eV energies. As this ind
rect mechanism would lead to structures in the c.m. ene
distribution, and these were not observed, one can conc
that transitions to the presently studied state through th
nearby HeH1 excited states were not important.

Although presenting an overall agreement, a few poi
should be made concerning the four curves in Fig. 3. Firs
the three parameters~peak, mean, and full width at hal
maximum! increase with the projectile energy both for th
helium and for the argon targets, with the exception of
mean for the argon target. These energy and target de
dences may be due~a! to a breakup of the Franck-Condo
principle and the reflection rule, resulting in an energ
dependent transition element,~b! to target electron orbita
velocities being comparable to the projectile velocity, hen
forth going outside a free collision model framework, or~c!
to an alignment effect between the molecular initial orien

FIG. 3. H2,He21, and total center-of-mass energy distribution
normalized to unity area.
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FIG. 4. Relevant electronic energies curves
H2 production from HeH1. The electronic
ground state is theX1S1, from Ref.@6#. The dis-
sociative level was obtained from the experime
tal data, the internuclear distance distributio
~bottom! taken from Ref.@1#, and the normalized
total c.m. energy distribution~right! as explained
on the text. The curve of the total kinetic distr
bution was dislocated by a factor of20.5267
hartrees, as it represents the distribution of kine
energy above the dissociation limit. Excite
states of HeH21 are also shown. The hachure
region represents the asymptotic energies
highly excited HeH1 ions that break up as
He1(n8)1H(n).
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tion and the beam direction. Concerning the first point,
Franck-Condon principle is just an approximation, and d
agreements between its predictions and experimental re
are well known in the literature@15#. The present case ma
be described, in a free collision model picture, as an alm
free noble gas valence electron colliding with the HeH1

molecule. As the projectile velocity is not so much larg
than the orbital velocities of these electrons, the energy
this ‘‘quasi-free electron’’ in the projectile frame and, co
sequently, the transition elements may also be tar
dependent. Finally, energy dependence may also arise
alignment effects@4# but, although in transfer ionization pro
cesses at high velocities they are present and increase
energy, no such effects were verified for double ionizat
and ionization excitation processes, even at large veloci
In short, small discrepancies appear among the four curve
Fig. 3 with several possible physical causes, and meas
ments in a wider energy range may be needed in orde
clarify this situation.

Roughly, a very simple statistical model for the H2 pro-
duction from HeH1 fragmentation would be as follows: I
will lead to an H2 ion if, at the instant of the collision, the
two electrons are near the projectile proton. The probab
for an electron to be near one nucleus is further assume
be independent on the presence of another electron. W
these very rough assumptions, in HeH1 the probability for a
departing nucleus to carry two electrons will be equal to 1
Nevertheless, the present experiment has yielded H2 produc-
tion cross sections in He, Ne, and Ar targets atv
54.0 a.u., shown in Table II, which were three orders
magnitude smaller than the total HeH1 destruction cross sec
tions. Although expected in the grounds of comparison w
a similar two-electron molecule, H3

1, this result would in-
dicate an inhibition process, where H2 is destroyed after
being produced.

The potential energy curve for the He211H2 channel,
estimated with the present results for the H2 c.m. distribu-
tion, lies very near to several HeH21 curves dissociating
either into He1 and H1 or into He21 and H, and to HeH1
e
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n
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y
to

ith

.

f

h

curves dissociating into He1 and H. This suggests that tran
sitions to these states are the most likely source of inhibit
of the H2 production. In particular, for the available c.m
energies, of the order a few eV, and the collision proc
He211H2→He11H, Peart and Bennet@16# got cross sec-
tions as high as 7310214 cm2. This larger inhibition would
then be probably associated to the transitions to HeH1 states
dissociating into He1(n8) and H~1!, due to the very small
energy defects for these processes, the dominant states
those withn8 equal to 3, 4, and mainly, 5. On the other han
the potential curve for the H2 -producing dissociative stat
crosses several HeH21 curves dissociating either into He1

and H1 or into He21 and H. These states, 2ps, 2pp, 2ss,
and 3ds, are shown in Fig. 4, as calculated by Bates a
Carson@13#. They may also play a role in the H2 inhibition,
the transition presenting the smallest energy defect being
sociated to the single ionization of H2 perturbated by the
He21 field, and producing He211H(1s)1e2.

IV. CONCLUSIONS

The center-of-mass energy distribution has been obta
for H2 originating from the collisional dissociation proce
HeH1→He211H2 at high projectile velocities, from four
different sets of data. The four c.m. energy distributio
present an overall similarity, showing the overall validity
the simple reflection picture and of this averaging procedu
There are, however, small energy and target dependen

TABLE II. H 2 production cross sections,s(HeH1→H2), at
v54.0 a.u. in He, Ne, and Ar targets (10219 cm2).

s(HeH1→H2)
Target element (10219 cm2)

He 0.2460.03
Ne 0.9960.15
Ar 1.4060.21
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suggesting the need for further measurements in a wider
ergy range and with heavier targets.

The total c.m. energy distribution, together with a pu
lished internuclear distance distribution measured with
similar ion source, allowed obtaining the potential ener
curve associated to this dissociative channel. The knowle
of this curve, neither calculated nor measured before, is
evant for understanding the H2 production results, also mea
sured in the present paper.

Considering the H2 production cross sections, measur
for He, Ne, and Ar targets atv54 a.u., the H2 yields
(s2/sd) for these three targets agree within 20%, there
showing that possible target dependences are smaller
this percentual value. The indirect mechanism of H2 produc-
tion, fragmentation into H and He1 followed by electronic
capture from He1, is not important as was indicated by th
lack of structures in the c.m. total kinetic energy distributio

The smallness of the H2 yields, of the order of 1023,
eld
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points to an inhibition in the process of H2 formation, with
one H2 electron being, in a second step, transferred to
He21 ion or even to the continuum. Analyzing the electron
states of the HeH1 molecule, one notices that the potenti
energy curve for the present channel lies very near to sev
HeH21 curves and also that, asymptotically, it comes ve
near to several HeH1 states dissociating into He1 and H. It
is thereby suggested that transition to these HeH1 and
HeH21 states may lead to the inhibition process, the relat
importance of each channel requiring further theoreti
work.
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