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Recently, experimental evidence for the existence of a bound state of the HeH + molecular ion was re-

ported by Ben-ltzhak, Gertner, Heber, and Rosner [Phys. Rev. Lett. 71 1347 (1993)]. This three-bod

system was predicted by Bates and Carson to have bound vibrational states in the 2pcr electronic state

despite the strong repulsion potential between the two nuclei. These 2po. vibrational states decay via an

e ectronic transition to the 1so. repulsive ground state with a mean lifetime of about 1 nsec. We have1

u ed the "fragment-fragment" coincidence method to measure the mean lifetime of the HeH'+ molecu-

lar ions which dissociate in Aight before reaching the detector. The yield of these molecular ions was

measured as a function of the distance between the target cell and the analyzer exit. From this measure-

ment a mean lifetime of 3.9+0.4 nsec was determined. The 2po.~ iso. transition rates for all vibrational

states have been calculated within the Born-Oppenheimer approximation using available oscillator
strengths. It is shown that the transition rates decrease with increasing vibrational energy because of the" tretch" of the molecular ion. The distribution of 2po. vibrational states populated by vertical transi-

tions from stripping the HeH+ electronic ground state was evaluated, and the resulting decay curve

compares well with the measured one.

PACS number(s): 34.50.Gb, 35.80.+ s

I. INTRODUCTION

Three-body problems have been of increasing interest
in the last few years, especially for three charged particles
where the interaction between them is well known [I—9].
The Schrodinger equation for one-electron molecular ions
is separable in confocal elliptical coordinates within the
Born-Oppenheimer approximation. Thus molecular ions,
like H2+ and HeH +, are a good testing ground for im-

proving our understanding of few-body problems.
Three-body systems with two light particles like the He
atom are more complicated because one cannot use the
Born-Oppenheimer approximation. This effect of the
masses of the three interacting particles was studied from
the He atomic limit (one heavy particle) to the H2+

molecular limit (one light particle) by Chen and Lin [I].
The effect of increasing the strength of the attractive po-
tential in the Hamiltonian is studied using heliumlike
ions with increasing Z. On the other hand, increasing the
repulsive potential term in the Hamiltonian generally re-
sults in an unbound system which can be studied only by
scattering methods. The asymmetric HeH + molecular
ion for which some states have been predicted to be
bound by Bates and Carson [2] and by Winter, Duncan,
and Lane [3] is an exception to this trend. The energy
curves of the two lowest electronic states obtained within
the Born-Oppenheimer approximation are shown in Fig.
1. For this molecular ion, the large repulsion between the
two nuclei causes the 1so. ground state and most of the
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other electronic states of HeH + to be repulsive. The
lowest attractive potential curve is the 2pcr first excited
electronic state. It has a minimum 0.849 eV deep at
Ro =3.89 a.u. which can sustain 15 vibrational states.

The mean lifetime of the 2pcr state is expected to be
short because it can decay by an electronic transition to
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FIG. 1. Potential-energy curves for HeH + (zero corresponds
to He ++H++e).
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II. EXPERIMENTAL METHOD

The experimental method used for determining the
mean lifetime is somewhat similar to the one used for the
detection of the bound HeH + molecular ions [11,12]. A
HeH+ beam with an energy of 900 keV, the highest ener-

gy available at the Technion Van de Graaff accelerator,
was used. At this beam energy, the ions' speed is about 6
mm/nsec. The experimental setup, shown in Fig. 2, con-
sisted of a short target cell (6 mm), with small entrance
and exit collimators (0.5 and 1.0 mm diameters, respec-
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FIG. 2. Experimental setup and schematic trajectories of the
different ions after the analyzing magnet.

the repulsive lso' ground state. The oscillator strength of
this transition, as well as other transitions between low
HeH + states, have been calculated by Arthurs, Bond,
and Hyslop [4]. The mean lifetime of the 2po bound
state can be calculated using the well-known spontaneous
decay rate formula [10]

2&ka
7- =g' = )fk, )F

mc

where F =
~ fP„"P,dR~ is the Frank-Condon factor. Us-

ing the transition frequency cok, (RO)-1.22 a.u. and os-
cillator strength fk, (RO) =0.0250 given by Arthurs,
Bond, and Hyslop [4] and assuming that the Frank-
Condon factor is approximately one, the mean lifetime is
estimated to be about 1 nsec.

Recently, we have reported experimental evidence of
the formation of the bound 2po electronic state of
HeH + molecular ions [11,12]. These ions were pro-
duced in charge-stripping collisions of 0.9-MeV HeH
with Ar gas. The measurement of the mean lifetime of
the HeH + molecular ion is an experimental challenge
because it travels only a few mm in one mean lifetime. In
Sec. II of this paper we report the measurements of the
mean lifetime of the 2pa state of HeH +, using the
"fragment-fragment" coincidence method. We have also
calculated the decay rate of the 2po. ~iso electronic
transitions and found that they depend on the vibrational
state of the HeH + molecular ion as discussed in Sec. III.
The measured and calculated mean lifetimes are com-
pared to one another in Sec. IV.

tively), in which the HeH+ projectiles collided with a

thin Ar target (P-2 mTorr). The ions produced in these

collisions were analyzed according to their mass-to-

charge ratio by a strong magnetic field (-0.8 T) in the
narrow gap between two small permanent magnets (hav-

ing a 12.7 mm diameter). This small analyzing magnet
was mounted on a high-precision translation stage such
that its distance from the target cell could be varied over
the range of 40 mm. Special care was taken to ensure
that the magnetic field direction remained vertical when
the magnets were moved. The trajectories of the ions
passing through this analyzer are determined within a
time range of up to 10 nsec from the moment of their
production. During these short flight times the number
of HeH +(2po. ) molecular ions is expected to decrease
significantly. This reduction in the HeH + yield with in-

creasing distance traveled by the ions was used to deter-
mine their mean lifetime.

The analyzed iona are detected (with 100'~/o efficiency)

by a surface barrier detector 1070 mm down stream. An
iris aperture in front of the detector defines the angular
resolution of the system to be about 0.3', big enough to
collect all the fragments. The position of this detector
can be changed relative to the beam axis so that the yield
of the different ions can be measured as a function of the
deflection angle. Another surface barrier detector, with a
0.5-mm-diam collimator, is placed on the beam axis for
normalization. The trajectories of the different ions are
well separated as shown in Fig. 2. The HeH + molecular
ions which have passed through the magnetic field before
they have dissociated are deflected by an angle of 2.5'.
The flight time to the detector is of the order of 180 nsec,
thus no HeH +(2@0) molecular ions are expected to
reach it.

The ions that hit the surface barrier detector produce
signals proportional to their energy. Hydrogen frag-
ments should therefore peak at 20% of the beam energy
while the He fragments should peak at 80% of the beam
energy. (The fragments have approximately the beam ve-

locity, thus their energy is proportional to their mass. )

These peaks are clearly seen in the energy spectrum taken
at 2.5' shown in Fig. 3. Furthermore, in cases where both
the hydrogen and the helium fragments hit the detector
simultaneously, the full energy of the beam will be depos-
ited in the detector. These "fragment-fragment" coin-
cidence events contribute to the full energy peak, also
shown in the figure.

We have used "fragment-fragment" coincidences as a
signature of the formation of bound states of HeH + [12].
The H++He+ fragments follow approximately the tra-
jectory of the HeH + molecular ions if the dissociation
happens after the magnetic field. This trajectory is well
resolved from the trajectories of the other ions which
were produced before the magnet, as can be seen in Fig.
2. The deviations from the HeH + trajectory caused by
the "Coulomb explosion" of the molecule are small as the
beam energy is orders of magnitude larger than the ener-

gy released in the dissociation. These H++He+ coin-
cidence events are recorded under the full energy peak
shown in Fig. 3, and they indicate that HeH + ions have
passed through the analyzing magnet before dissociation.
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FIG. 3. Energy spectrum of the ions hitting the detector
placed on the HeH'+ trajectory. The full energy peak labeled

by E is associated with both the H and He fragments hitting the
detector simultaneously.

In order to determine the mean lifetime of the bound
2po states of HeH +, we have measured the number of
H++He+ coincidence events normalized to a constant
number of neutral helium fragments as a function of the
distance x between the target cell and the analyzing mag-
net exit. These coincidence events are the number of
HeH + molecular ions which survived all the way up to
the magnet exit for each distance x. To ensure that this
is the true coincidence rate, the number of these coin-
cidences was measured at each distance as a function of
the deflection angle. At the deflection angles where the
coincidence rate peaks, the random coincidence rate is
practically zero, as was discussed in detail in our previous
publications [11,12].

The normalized H++He+ coincidence yield, plotted
in Fig. 4, decreases with increasing distance between the
target cell and the magnet exit. A single exponential de-

cay fits this data nicely, giving a mean lifetime of

~,„„,=3.9+0.4 nsec .

This experimental value is about a factor of 4 larger than
the value estimated from the calculated electronic decay
rate at R0. Such a large deviation from the estimated 1

nsec is unexpected if one assumes that the only difference
between the decay rates of the vibrational states is due to
Franck-Condon factors.

Now that the mean lifetime of HeH +(2po ) is known,
the cross section for its production can be evaluated from
the previously measured apparent cross section [12]. In
order to evaluate the total production cross section, we
have measured the yield of HeH +(2po ) relative to the
neutral He fragments, shown in Fig. 5(a). This ratio is
practically independent of the target pressure, and its
value is R =(2.25+0.30) X 10 . The yield of the neutral
He fragments relative to the main HeH+ beam was also
measured as a function of pressure. Using the slope of
this linear pressure dependence, shown in Fig. 5(b), the

FIG. 4. Normalized number of coincidence events as a func-

tion of the distance between the target cell and the magnet exit.
The solid line is a fit of a single exponential to the data which

yields 7 p$ 3.9+0.4 nsec.

apparent cross section for HeH +(2pcr ) production (i.e.,
the cross section for formation and survival of these
molecular ions) was evaluated to be

R X slope
I(He )

I(HeH+ )
0

3.54 X loi31T

= (1.8+0.3 ) X 10 cm (3)

0.01 5-
slope=(1. 7+0.17)X10

+x
Q)

0.010-

I ' ' ' ' 1
' I

HeH + Ar
at 0.9 MeV

C)
(D

3

C7
Q)

0.005-

R =8.25+0.30

0 000
0 1 2 3 4 5 6

(a)
, . lo

2 3 4

P (mTorr)

FIG. 5. The ratios of (a) I(HeH )/I(He ) and (b)
I(He )/I (HeH+ ) as a function of target pressure.

where lT =0.6 cm is the target length. As both the ap-

parent cross section and the mean lifetime are known

now, the true production cross section can be deter-
mined. The typical flight time of the HeH + molecular
iona to the exit of the analyzer is t =3.6+0.5 nsec, de-

pending on where in the target cell they were formed.
Thus only a fraction of these molecular ions,

f =e '~'=0. 40+0.07, makes it through the analyzer
and contributes to the H+ +He+ coincidence yield. The
total production cross section is then given by
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o =o, If =(4.5+1.1)X10 cm (4) 10

This value is an order of magnitude smaller than the pre-
viously reported rough estimate [12] because the mea-
sured mean lifetime is significantly longer than the previ-
ously estimated 1 nsec. 10

2+
HeH (2pa ~ 1so)

III. THEORY

The decay of HeH +(2po ) molecular ions is predicted
theoretically to proceed via an electronic transition to the
HeH +(iso ) repulsive ground state, which then dissoci-
ates rapidly into H++He+. The potential-energy curves
of the HeH + molecular ion are known analytically from
the application of the Born-Oppenheimer approximation.
This approximation is also expected to be valid during
the electronic transitions which are faster than the nu-
clear motion. The electronic spontaneous decay rate Wk,
at a fixed internuclear distance R is given by

6$

0 2

10

10

Wf„(R)= 3 cok, (R)fk, (R),=2 2

C
(5)

R (a.u. )

10

where cok, (R)=E2 (R)—E&, (R) is the transition fre-
quency, fk, (R) is the oscillator strength, and k and a are
the initial 2po and final lscr electronic states, respective-
ly. To evaluate the expectation value of the electronic
spontaneous decay rate from any vibrational state one
must average over all possible internuclear distances, the
probability of which vs the internuclear distance is given
by ~f„(R)~ . Within this simple model the 2po also de-

cay rate is given for each vibrational state by

A,„=Wk,=f Wk, (R)ig„(R))dR . (6)

The decay rate can be calculated for each vibrational
state bound in the 2po electronic state using the oscilla-
tor strength fk, (R) calculated previously by Arthurs,
Bond, and Hyslop [4]. Since they presented values for
the oscillator strength only for the region R ~ 5.0 a.u. , it
was necessary to extrapolate to large values of R which
are needed in order to evaluate the integral in Eq. (6). A
simple exponential fit, fk, (R)=ae ", of the last five

points from Arthurs, Bond, and Hyslop [4] was used with
a =0.5882 and b =0.8077. It was also necessary to in-
terpolate in between the given points to obtain a sufficient
density of points for the numerical integration (a cubic
spline fit was used. ) Once the decay rate was calculated
using Eqs. (5) and (6) the mean lifetime of each vibration-
al state can easily be obtained using the relationship
~„=1/A,„.The mean lifetimes calculated in this manner
do not depend strongly on the extrapolation and interpo-
lation procedures. Performing these calculations using
an oscillator strength fk, extrapolated by fitting the last
three to nine points gave a variation of less than +0.05%%ug

for the mean lifetime of the lowest state and less than
+3.1go for the highest state. The interpolated and extra-
polated f„,is also shown in Fig. 6.

The vibrational wave functions bound in the 2po. elec-
tronic state of HeH + were evaluated using the finite-
differences method [13]. Using these numerical wave
functions the decay rates have been calculated for the
diferent vibrational states. The mean lifetimes slowly in-

crease with increasing vibrational quantum number for
low values of v as shown in Fig. 7. On the other hand, for
highly excited vibrational states they increase rapidly.
The experimental value of ~,„,=3.9+0.4 nsec is close to
the theoretical value, 7 &0= 3.4 nsec, of the v =10 state.

The dipole transition amplitude, in the Born-
Oppenheimer approximation which is valid for the
2@a~ lstr electronic transitions, can be written as

100

HeH (2p(r)
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~ Expt.
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10 12 14

FIG. 7. The mean lifetimes of the diferent vibrational states
of HeH +(2po. ).

FIG. 6. The oscillator strength fq, (R) (symbols from Ref.
[4]) for the 2po ~ iso dipole transitions as a function of the in-

ternuclear separation R showing also the interpolation and ex-
trapolation (lines).
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f Q„* (R )D,)(R)g„(R}dR, (a) R —Ro

where the integration over the coordinates of the electron
is separated from the integration over the internuclear
distance, resulting in an electronic transition amplitude
at each R given by

D„(R(=J P"„,(R;r, (DPz, (R;r, ldr, ,

2pG

1$G

()I((R;r, ) is the electronic wave function and g„(R)is the
nuclear vibrational wave function. In the commonly used
Franck-Condon approximation, one assumes that D„(R)

is independent of R which then separates the transition
amplitude into a product of the average electronic transi-
tion amplitude and the Frank-Condon factor, the overlap
integral between the initial and final vibrational states,

2pG

1so

(b) R » RG

D,)
„* R, R R, (9)

where D„is the average value of D„(R)given in Eq. (8).
The electronic transition decay rates from bound to

repulsive states are expected to depend only weakly on
the vibrational state if the Franck-Condon principle
holds. This is because the overlap integrals with continu-
um wave functions typically do not change significantly
even on a relatively large range of internuclear distances.
But, for highly excited vibrational states of HeH +,
which are expected to play a major role in the collisions
under study as will be discussed later in this paper, the
wave functions extend over a large range of internuclear
distances. Thus the Franck-Condon approximation, i.e.,
D„(R)—D,&, is not expected to be valid.

The fast decrease of the 2pa~lscr electronic decay
rate with increasing internuclear separation R is a result
of the difference between the electronic densities of the
two states involved. The electron density of the 2pcr
state is centered mostly on the proton, while the lscr den-

sity is centered mostly on the a particle as shown
schematically in Fig. 8. At small R values there is still
some electron density on the other center (the a particle
for 2pcr and the proton for iso) so that the transition
amplitude is nonzero; but, as the separation between the
two centers increases, one expects an exponential de-

crease in the value of these transition amplitudes. Thus
transitions between these two electronic states are practi-
cally impossible unless the internuclear distance is small.
The low-lying vibrational states for which only R values
around Ro are important wi11 not be affected, but the

highly excited vibrational states which have a large prob-
ability at large R values wi11 have a much smaller decay
rate. The highly excited vibrational states of
HeH +(2pcr } are an example of the breakdown of the
Franck-Condon approximation even though the Born-
Oppenheimer approximation is sti11 valid, i.e., a vertical
transition does not necessarily mean that the electronic
transition amplitude is independent of R. As most transi-
tions commonly studies are from low vibrational states of
narrow potential weHs, one grows accustomed to the fact
that the Born-Oppenheimer and the Franck-Condon ap-
proximations are simultaneously valid for vertical transi-
tions, even though this is not always the case.

High density

f",::::a-".41 Low density

FIG. 8. Schematic electronic density distribution of the 2po.

and 1so states at (a) small and (b) large internuclear distances

(darker shade is a higher density).

IU. RESULTS AND DISCUSSION

The mean lifetime of the HeH + molecular ions was

evaluated from the direct measurement of their yield as a
function of the distance traveled from the target cell,
where they were formed by charge-stripping collisions, to
the exit of the analyzing magnet. In these collisions of
0.9-MeV HeH+ with Ar gas, the only bound electronic
state of HeH + populated is the 2po as was reported pre-
viously I12]. This electronic state of HeH + decays via
an electronic transition to the HeH +(1so) repulsive

ground state, which then dissociates rapidly into
H++He+. The measured mean lifetime of this electron-
ic state was determined to be 3.9+0.4 nsec, as shown in

Fig. 4. Furthermore, from the figure it can be seen that
any significant deviation from this single exponential de-

cay line will be in clear disagreement with the data.
The calculated mean lifetimes for the different vibra-

tional states, presented in Fig. 7, vary significantly from
one highly excited state to the other. The experimental
value is close to the calculated value of the U =10 state.
But, one may question why such highly excited vibration-
al states of the HeH + are preferentially populated, and
what would be the effect of a broad distribution of these
vibrational states on the expected mean lifetime'7 In or-
der to answer the above questions, a better understanding
of the whole process is needed: starting with the forma-
tion of HeH+ molecular ions in the rf source of the ac-
celerator, going through the HeH++Ar~HeH + verti-
cal transitions during the fast charge-stripping collisions,
and ending with the 2po ~1so. spontaneous electronic
transitions.

The population of vibrationa1 states of HeH+ and oth-
er ions formed in rf sources, similar to the one used in the
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P(u;) ~e
—(E —E )/kTu. 0 eff

(10)

where E, and Eo are the energies of the vibrational state
with quantum number u and of the lowest vibrational
state, respectively. For the typically low temperatures in
the source, most of the HeH+ molecular ions are in their
vibrational ground state.

During the fast charge-stripping collision with the Ar
target (t„„-10 ' sec), the nuclear motion can be
neglected. These transitions are commonly described as
vertical transitions from the initial HeH+('X+) electron-
ic ground state to the final HeH +(2po ) electronic state
as shown in Fig. 9. Under these conditions, the transition
rates between the difFerent initial and final vibrational
states are given approximately by the square of the
Franck-Condon factors,

T(v; vt )= J tP„"(R)()„(R)dR (11)

where f„(R)and 11)„(R)are the initial and final vibra-
l Vf

tional wave function, respectively. The initial wave func-
tions have been evaluated using the finite differences
method with the HeH+ ground-state potential reported
by Kolos and Peek [16]. Using the numerical vibrational
wave functions of HeH+ and HeH +, the transition rates
have been calculated between all initial and final states.
For example, the transition rates frotn some initial vibra-
tional states, u; =0, 2, and 4, to all final states are plotted
in Fig. 10 normalized as a probability distribution. It can
be clearly seen that the distribution of final states shifts
toward lower vibrational states if one starts from a higher
initial vibrational state. Thus a high efFective tempera-

Technion accelerator, have been studied, for example, by
Kanter et (21. [14] and Zajfman et al. [15]. It has been
shown that a Boltzmann distribution is obtained with an
effective temperature T,rr which depends on the type of
the ion source and its operating parameters. Thus it is
reasonable to assume that the He H+ beam has a
Boltzmann distribution of vibrational states given by

2-
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ture of the HeH+ beam, which has a higher fraction of
highly excited states, will create a distribution of final vi-

brational states centered around a lower vibrational state
of HeH +. This final vibrational state population can be
determined once the transition rates are known by sum-

ming over all initial vibrational states

P(uf)=QP(u, )T(u, +uf) . — (12)

In Fig. 11 the distribution of vibrational states of HeH +

created from a HeH+ beam with T,&=500 K is present-
ed as an example. A wide distribution peaked around

uf =9 is the result of such collisions. Mostly highly excit-
ed vibrational states are populated because of the large
difFerence between the HeH+ and HeH + equilibrium
distances. This difference makes the overlap integrals,

FIG. 10. (a) Final population of vibrational states of
HeH'+(2po ) produced from some initial vibrational states of
HeH+('X+) (v; =0, 2, and 4). (b) The average final vibrational
state of HeH'+(2po. ) as a function of the initial vibrational state
of HeH+('X+ ).
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FIG. 9. Potential-energy curves for the electronic ground
state of HeH+ (from Ref. [15]) and the lowest bound state of
HeH'+ (from Ref. [2]).

FIG. 11. The population of initial vibrational states of
HeH+('X+ ) at T,ff =500 K and the resulting final population of
vibrational states of HeH +(2po ).
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Eq. (11), between two low-lying states extremely small.
On the other hand, the wave functions of the highly ex-
cited states extend over a large range of R, resulting in
significantly larger overlap integrals.

For the effective temperature discussed above, only a
few vibrational states are expected to have significant
contributions to the mean lifetime measurement. The
fraction of HeH + molecular ions surviving after a given
fight time for a given population of final vibrational
states is given by

N(t) =g P(vf )e
So

Vf

(13)

HeH (zI ~)

t
= 3.9 + 0.4 nsec

expt

where P(vf ) is the population of final vibrational states
of HeH +(2pcr ) calculated from Eq. (12) and r„raethe"f
mean lifetimes of the different vibrational states discussed
in the preceding section. Even though the bound
HeH +(2po ) molecular ions are produced with a narrow
distribution of R in the vertical transitions during the col-
lision, they have a wide distribution of R when they spon-
taneously decay. This is because the typical vibration
time ( —10' —10 ' nsec) is orders of magnitude smaller
than the mean lifetime of the 2po. state of HeH +. This
molecular ion "forgets" the initial R distribution so that
the final R distribution is well described by its vibrational
wave function.

The number of HeH + molecular ions as a function of
their flight time from the target cell to the analyzing
magnet exit are shown in Fig. 12. The solid line
represents the best y fit to the data, for which T,fr= 1530

K (No and T,fr are the only free parameters in our calcu-
lations). The dashed line is the single exponential fit dis-
cussed in the experimental section which yields a mean
lifetime of 3.9+0.4 nsec. Both lines are in very good
agreement with the experimental data. Further measure-

ments over a wider range of flight times are needed in or-
der to determine which model fits the data better: a sin-

gle exponential decay curve or our model calculation.
The theoretical model developed to explain our experi-
mental results resolved the "apparent discrepancy" be-

tween our earlier mean lifetime estimate and the mea-

sured value. These calculations indicate that the
2po. —+1so electronic decay rate has a strong dependence
on the vibrational state of the HeH +, especially for
highly excited states. This can be better understood if
one uses the following simple qualitative picture. The
electronic decay rate falls off rapidly with increasing in-

ternuclear separation R, as can be seen from Fig. 6. This
rapidly changing oscillator strength is due to the fact that
the electron density of the 2po state for large values of R
is centered mostly on H while for the iso it is centered
mostly on He+ for large values of R. This makes transi-
tions between these two electronic states practicaBy im-

possible unless the internuclear distance is small. Now,
higher vibrational levels are "stretched" over a wider

range of R, with a larger probability of being found at
large R values. But, when R is large, the probability for
an electronic transition is negligible. As a result of this
reduction in transition probability the mean lifetime of
these highly excited states will be longer. In fact, the
highest vibrational state has a mean lifetime of nearly 50
nsec. Our calculations also suggest that the HeH + mea-

sured mean lifetime depends on the initial population of
vibrational states of the HeH+ molecular ions in their
electronic ground state. Thus similar experiments per-
formed using different experimental systems might lead

to different results mainly due to the difference in the
effective temperature in the ion source. Future experi-
ments are planned to test the sensitivity of the measured

mean lifetime of HeH +(2po ) to the effective tempera-

ture of the HeH+ molecular ions. For such experiments
better control and understanding of the rf source is need-

ed.

V. SUMMARY

t 7
e fit
Theory

t (risec)

FIG. 12. The ratio of HeH + to He as a function of the
Bight time from the target cell to the magnet exit. The solid line

is the model calculation for an efFective temperature of 1530 K
in the ion source. The dashed line is a single exponential decay
6t to the data with ~,

„

t=3.9+0.4 nsec.

The mean lifetime of the 2po. electronic state of
HeH + has been measured to be 3.9+0.4 nsec from the
dependence of the "fragment-fragment" coincidence rate
on the distance between the target cell and the analyzer
exit. A distribution of 2po. vibrational states is populated
in the HeH++Ar collisions by vertical transitions from
the HeH+ electronic ground state. These vibrational
states of the 2@0. bound state decay by electronic transi-
tions to the iso. repulsive ground state, the decay rates of
which have been calculated using available oscillator
strengths. The population of final vibrational states pro-
duced in the charge-stripping collisions decays as a super-
position of exponentials at a rate which reproduces the
measured yield of HeH + molecular ions as a function of
their flight time. These electronic transition rates of the
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different vibrational states of the HeH +(2po ) decrease
with increasing vibrational energy because of the
"stretch" of the molecular iona. The Franck-Condon
principle is not valid for these decays because of the wide

range of internuclear separations involved and the
different density distribution of the states involved [over
this range D,~(R} changes by more than an order of
magnitude —it is not even "approximately" constant],
thus demonstrating that vertical transitions do not neces-
sarily mean that the transition rates depend mostly on the
overlap integrals.
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