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Charge-transfer dissociation of vibrationally cold HeH¿: Evidence for and lifetime of the a 3S¿

metastable state
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Using an alternative technique to trap keV ion beams, the kinetic-energy release after dissociative charge
transfer of vibrationally cold HeH1 was measured. The results indicate that rapid radiative vibrational cooling
takes place during the trapping, thus allowing a direct observation of thea 3S1 metastable state of HeH1,
which has been a subject of controversy in previous dissociative recombination experiments.

PACS number~s!: 34.50.2s, 33.15.2e, 34.70.1e
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The singly charged helium-hydride molecular ion HeH1

is among the most elementary molecular ions. Having t
electrons, it is isoelectronic with the hydrogen neutral m
ecule H2, and as such it has been the subject of intense
perimental and theoretical work@1–3#. An observable abun
dance of HeH1 has been predicted to be present in regions
high ionization in interstellar space, in particular in stel
atmospheres and interstellar clouds@4#. So far, however, no
evidence for infrared emission from HeH1 has been found
from these regions@5#, whereas it has been observed in lab
ratory discharges for many years@6#.

The first observation of the vibrational-rotational spe
trum of the electronic ground state was performed by T
iver et al. @7# using the Doppler-tuned ion-beam lase
spectroscopic technique. The dissociative recombination
HeH1(HeH11e2→He1H) has generated enormous inte
est because of the unusual recombination process by whi
occurs@8# and its impact on the calculated overall abundan
of HeH1 in interstellar space. The recombination cross s
tion of HeH1 was originally believed to be very low, and
came as a surprise when the measured cross section a
energy was found to be as large as 2310215 cm2, using
single-pass merged-beams techniques@9# and then heavy-ion
storage ring techniques@10#. However, these results wer
challenged by a reexamination@11# of the data taken from
the single-pass experiment. It was proposed that the la
recombination cross section was due to the presence o
lowest metastable triplet excited state (a 3S1) in the beam
of HeH1. The production rate of this triplet state in an io
source was theoretically estimated@12#, and it was suggeste
that the radiative decay of the HeH1(b 3S1) was respon-
sible for the apparently large population of thea 3S1 state.
On the other hand, using an imaging technique to mea
the energy release in the dissociative recombination
HeH1, it was experimentally proven@13# that the high cross
section measured in storage rings originated from the low
vibrational level of the ground electronic state (X 1S1).

There has never been any direct experimental observa
of the metastablea 3S1 state. The only indication of a boun
excited state was provided in a collision-induced dissocia
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experiment@14#, although there has been no definite iden
fication @15#. The lifetime is unknown, except for a roug
estimate@11# where it was compared to the metastable st
of He(23S) with a lifetime of ;8000 s. The difficulty in
observing thea 3S1 state comes from the poor overlap of i
nuclear wave functions with the ground state of HeH1:
While the equilibrium distance for theX 1S1 state is 0.77 Å,
the minimum of thea 3S1 state is calculated to be at 2.3
~see Fig. 1!. The potential curve for the triplet state has be
the subject of various theoretical calculations@3,16,17# and it
is repulsive at small internuclear distancesR, but is weakly
attractive at largeR due to polarization and exchange force
For 4HeH1 the a 3S1 state has been calculated to supp
four vibrational states, the lowest one being bound by o
82 meV @11# ~see inset in Fig. 1!.

In the present work, we present an alternative techni
for measuring the kinetic-energy release~KER! after charge-

FIG. 1. Relevant potential curves for HeH1 and HeH. The
kinetic-energy release distribution expected for the ground stat
schematically shown on the right-hand side. The inset shows
enlarged portion of thea 3S1 state.
©2000 The American Physical Society05-1
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FIG. 2. Schematic view of
the experimental setup. The vi
brationally hot HeH1 beam is
produced in the ion source~left!,
stored inside the trap~center!,
and extracted toward the argo
jet target where the CTD reac
tion occurs. The relative distanc
between the neutral fragments
measured using a three
dimensional imaging detecto
@23#.
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transfer dissociation~CTD! of vibrationally cold molecular
ions. Using this technique we measure the KER of vib
tionally cold HeH1 molecules and directly observe th
a 3S1 metastable state. For HeH1, the CTD process can b
depicted as

HeH1~v !1Ar→He~n!1H~n8!1Ar1~Ek!, ~1!

wheren andn8 are the final quantum states of the He and
fragments, respectively. Figure 1 illustrates the dissocia
mechanism for the known potential curves of HeH1 and
HeH. It can be seen that the KER reflects the initial intern
clear distribution, which is given by the square of the vib
tional wave function. The KER distributionP(Ek) depends
strongly on the initial vibrational population, which is us
ally a function of the ion source conditions and its mode
operation. Previous experiments for the CTD of HeH1 were
performed using molecular ion beams with undefined vib
tional state populations@18,19#.

The experimental setup is shown in Fig. 2. A 4.2-ke
beam of HeH1, produced from a mixture of 45% He, 45%
H2, and 10% Ar in an electron-impact ionization source,
trapped in an electrostatic ion trap@20,21#. The ion trap is
made up of two sets of electrodes that act as electros
mirrors. During injection the voltage of the exit electrodes
switched on, while the entrance electrodes are switched
so that the beam bounces back from the exit electro
When the trap is full, the entrance electrodes are rap
(;100 ns) switched on. It has been demonstrated@20,21#
that under certain focusing conditions of the mirrors, the t
is inherently stable, and beam loss occurs only becaus
collisions with the residual gas (p;10210Torr). About 105

ions are trapped at each injection. In the present experim
the trapping provides time for vibrational relaxation of t
HeH1 through radiative transitions between the various ro
brational levels. Equivalent storage, cooling, and extract
techniques for ion beams have been limited to large fac
ties, such as heavy-ion storage rings, using high-ene
~MeV! beams@22#.

Once stored, the beam can be extracted from the trap
lowering the voltages of the exit electrodes~see Fig. 2!. The
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kinetic energy of the extracted beam is still 4.2 keV, exc
for a small fraction (;15%) that is located in the region o
the exit mirror at the moment its voltages are switched o
This fraction is eliminated by deflecting the HeH1 beam
with an electrostatic quadrupole~see Fig. 2!, which transmits
only particles with the initial kinetic energy towards a puls
supersonic jet of Ar atoms. The density of the target is l
enough (;1012atoms/cm2) to insure single collision condi-
tions, and the neutral particles produced by the char
exchange process are detected downstream, while the
maining ions are steered away by an electrostatic defle
located a few centimeters after the interaction region. T
KER of the two neutral fragments produced by the CT
process@see Eq.~1!# is determined using a three-dimension
imaging detector that measures both the position and
time of arrival of each fragment, one molecule at a tim
Single neutral particles, which originate from the dissoc
tion HeH11Ar→He11H1Ar (or He1H1), are automati-
cally discarded by this procedure. More details about
detector and its mode of operation can be found in Ref.@23#.

The radiative lifetimes for the rovibrational levels in th
ground electronic state of HeH1 have been calculated b
Datz and Larsson@24#. The slowest decay rate is for thev
51→v50 transition and amounts to 2.5 ms for the rot
tional stateJ510. Pure rotational transitions in thev50
state are shorter than 5 ms forJ>10, but are longer than 100
ms for J<5. At room temperature, only states belowJ54
have a relative population larger than 5%, so it is expec
that the beam is vibrationally cooled after a few tens of m
but requires a much longer time to reach~rotational! equilib-
rium with the blackbody radiation of the trap at 300 K. A
though it has been shown that the rotational temperatur
HeH1 produced in an electron-impact ion source is rath
high (T;3100 K) @25#, the rapid transitions between th
high rotational levels~lifetime ;0.5–3 ms) insure that no
states aboveJ510 are significantly populated after 50 ms

The KER distributions were measured for different sto
age times (0 –200 ms). Figure 3 shows the distributio
without storage @Fig. 3~a!# ~i.e., the mirror electrodes
grounded!, for a storage time of 60 ms@Fig. 3~b!# and for a
5-2



ou
ac
am
us

al

n
e

oo

h
h

n
p

e

wh
, i
s
, in

te
o

at
e
en

e
ion

e

een

on
as
r-

the

ll

an

l-
that

ven
e
Eq.
nd
t

in
ith
act

n at

n-

arge
of

nt,

rge
otion
nt

ess
sed
e

ear
re
ion

of
n
xact
is

m

e

0
e

i-

RAPID COMMUNICATIONS

CHARGE-TRANSFER DISSOCIATION OF . . . PHYSICAL REVIEW A 61 060705~R!
storage time of 200 ms@Fig. 3~c!#. As expected, the KER
distribution after storage is narrower than the one with
storage, demonstrating that rovibrational cooling takes pl
during storage. The spectrum for the vibrationally cold be
@Fig. 3~b!# can be compared to the expected distribution
ing the semiclassical projection method@26#. In this case, the
KER distribution is given by

P~Ek!5P~R!
dR

dV
5uC0~R!u2

dR

dV
, ~2!

whereC0(R) is the wave function for the ground vibration
state of HeH1, andV(R) is the dissociativeX 2S1 potential-
energy curve of HeH~see Fig. 1!. The full line shown in
Figs. 3~b! and 3~c! shows the expected KER distributio
based on Eq.~2!, using the wave function calculated for th
ground vibrational state of HeH1 @27#. Although the overall
agreement between the data and this simple model is g
there are two features that are significantly different.

First, the prediction of the model is shifted toward hig
energyD(E) compared to the measured distribution. Suc
shift can be explained@26# qualitatively if one takes into
account the dependence of the capture cross section o
energy defect, i.e., the difference between the ionization
tential of HeH @ IHeH5IHeH(R)57.5 eV at 0.77 Å! and
Ar (IAr515.75 eV)#. A similar shift was observed by d
Bruijn et al. @26# for CTD of H21 with Ar, and it has been
demonstrated that the capture cross section increases
the energy defect tends towards zero. In the present case
smaller at larger internuclear distance, and one expect
increase in the electron-capture probability for small KER
agreement with the observation.

The second feature that is at odds with the calcula
spectrum is the small peak located in the low KER part
the measured spectrum shown in Fig. 3~b!, and to a smaller
extent in Fig. 3~c!. This small peak, which is centered
;1.2 eV, is visible only after the vibrational cooling of th
ground electronic state is completed. Previous experim
where the CTD of HeH1 was measured~with a Cs target

FIG. 3. Kinetic-energy release distribution for the charg
transfer dissociation of HeH1 with Ar. Panel~a! is for a direct beam
from the ion source, panel~b! is obtained after a storage time of 6
ms, while panel~c! is after 200 ms of storage time. The full lin
curves are KER distributions as calculated@Eq. ~2!# for the ground
state and for thea 3S1 state. The calculations are normalized ind
vidually to the number of counts in each peak.
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@18# or with a He target@19#! did not observe this peak as th
beam was vibrationally hot, and hence the KER distribut
produced by electron capture from theX 1S1 state was too
wide, as shown in Fig. 3~a!. It must be pointed out that in
@18#, the peak at;3 eV in the KER is assigned to radiativ
transitions from Rydberg states of HeH1, and not to a direct
capture to the ground state.

We have assigned the presence of the low KER peak s
in Fig. 3~b! to the electronic metastable statea 3S1 of
HeH1~see Fig. 1!. Such a state, when produced in the i
source, will most likely produce a small KER after CTD,
the minimum in the potential well is located at a large inte
nuclear distance (R;2.2 Å). A simple projection of the
square of the vibrational ground-state wave function of
a 3S1 state on the ground dissociative state of HeH (X2S1)
would lead to a kinetic-energy release (;50270 meV)
which is much smaller than the one shown in Fig. 3~b!. The
distance~and time! between the two fragments for this sma
KER is below the resolution of the present apparatus~the
detection scheme did not allow us to measure events with
energy release of less than 0.5 eV!. However, Orel, Ku-
lander, and Rescigno@28# have recently calculated potentia
energy curves of neutral doubly excited repulsive states
converge to the ionica 3S1 and A 1S1 states, and thus lie
below the metastable state of interest. Among the se
states, two2S states~see Fig. 1! have slopes which are larg
enough to lead to a measurable KER after CTD. Using
~2! and the squared wave function for the vibrational grou
state of thea 3S1 state, we obtain a KER distribution tha
peaks at;1.5 eV. The calculated distribution is shown
Fig. 3~b! as a full line, and is in reasonable agreement w
the measured distribution, considering the fact that the ex
slopes of the dissociative neutral states are not well know
the internuclear distance of interest~2.2 Å!.

The main problem of this interpretation is the large e
ergy defect resulting from the electron capture in the2S
doubly excited states. These states lie only;2 eV below the
a 3S1 state, and cannot be accessed by near-resonant ch
transfer. This is also the reason why the predissociation
theA 2S1 state of HeH is not seen in the present experime
while it was clearly observed in collision with Cs atoms@18#.
On the other hand, it has been demonstrated that for la
energy defects, other processes such as electron prom
are dominant@26#. For example, in a previous measureme
of CTD of H2

1 at keV energies@29#, it was shown that the
transition to the predissociativec3Pa state of H2 was stron-
ger for a He target than for an Ar target, although the proc
was far off resonance, and the energy defect was increa
by almost 10 eV when changing the target from Ar to H
(IHe524.6 eV). Moreover, because of the large internucl
distance of thea 3S1 bound state, we expect the captu
cross section to be much larger than for a similar transit
from the ground state of HeH1. As pointed out above, the
main transition is probably to the dissociative ground state
HeH, but the small KER resulting from such a transitio
cannot be measured with the present setup. Thus, the e
relative population of the metastable state in the beam
difficult to estimate as it cannot be directly extracted fro
the data shown in Fig. 3.
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It is clearly seen that the contribution of the metasta
state to the KER distribution in Fig. 3~c! is smaller that
in Fig. 3~b!, by a factor of 2, demonstrating that this featu
is definitively due to the presence of a metastable state
more complete measurement of the lifetime of thea 3S1

using the present extraction technique is quite diffic
because of the low duty cycle of the experiment, but a rou
estimation based on the data shown in Figs. 3~b! and 3~c!
would lead to a value in the range of a few hundreds
milliseconds, a value that is much shorter than the lifetime
He(23S).

We hope that the present observation of the metast
a 3S1 state of HeH1 will stimulate additional theoretica
calculations, especially related to its lifetime. In this wor
ys

t.

.
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we have also demonstrated an alternative method for t
ping, storing, and extracting ion beams of keV energies. A
plication of this method to the cooling of molecular ions h
been illustrated, but we believe that the advantageous c
figuration of this setup will open new and exciting possibi
ties in other fields, and it is expected that new types of
periments will be suggested and carried out in the n
future.
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