
'I ~ &i p& lail'Ir~ ll ll II ~

PHYSICAL REVIEW A VOLUME 30, NUMBER 5

Rapid Communications

NOVEMBER 1984

given priority in handling in the editorial office and in production. A Rapid Communicaiion may be no longer than ji/z printed pages and must be

corrections unless requested by the author.

Product states of H3+, H2+, and 02+ electron capture in Cs

J. R. Peterson and Y. K. Bae
Chemical Physics Laboratory, SRI International,

Menlo Park, California 94025

(Received 9 July 1984)

A new technique to determine the final states and kinetic energies released in dissociative charge transfer

is tested successfully on D2+, D3+, and 02+ in a Cs vapor target. j33+ yields both D+ D+ D and D+ D2

channels, D2+ yields D+ D from predissociation of D2(c 11„)and radiative dissociation of a Xg+, and the

X I1g+ and a Il„states present in 02+ yield a surprisingly simple spectrum that is attributed to near-

resonant- and Franck-Condon-type selection rules.

Knowledge of the product states of a charge-transfer reac-
tion is often just as important as that of the magnitude of
the reaction cross section or rate, To reach a full under-
standing of the detailed interactions between ions and neu-
tral species, knowledge of the final states is essential. How-
ever, for electron capture these details are generally difficult
to obtain experimentally because the charge neutrality of the
products inhibits energy analysis, and observation of optical
emission is often difficult and not always definitive. We re-
port here on a determination of the final states of dissocia-
tive electron-capture reactions between H3+, H2+, and 02+
in Cs that yield atomic products. These experiments have
made novel use of translational energy spectroscopy on the
negative ions formed in subsequent collisions of the atomic
products.

In undertaking this work, we were particularly interested
in the final products and energies of electron capture by
H3+ in Cs. This reaction is expected to proceed generally
through near-resonan. t transitions H3++ Cs —H3'+ Cs+ to
excited H3' states that are about 4 eV (the ionization energy
of Cs) below the initial H3 state. Because H3 is unbound
in the ground electronic state, this H3' state must then ei-
ther dissociate to the products H+ Hq or H+ H+ H, or radi-
ate to a lower dissociating state.

Some attention has already been given to Hq+ and H2+

charge transfer in Cs. These reactions have influence on
several methods of forming H beams for use in the neu-
tral beam heating of magnetic fusion energy plasmas.
Meyer and co-workers' have measured the total cross sec-
tions for H2+ and H3+ at energies above 40 keV and for
D2+ above 3 keV, and we have recently measured them at
lower energies. Cisneros and co-workers have studied an-
gular distributions of negative ions and neutral products of
D2+ and D3+ charge transfer in Cs. Recently, an extensive
study of H2++ Cs dissociative charge transfer has been car-
ried out by de Bruijn, Neuteboom, Sidis, and Los, using an
elegant position-sensitive coincidence method.

Our method of analyzing dissociative charge-transfer
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FIG. 1. Schematic of the apparatus.

product states is comparatively simple, but effective. It
makes use of the fact that a small fraction of the atoms
resulting from dissociation of the excited products can cap-
ture an electron in a second Cs collision and become nega-
tive ions before leaving the charge-transfer oven. For ex-
ample, we can have H2++Cs H+H+Cs+, followed by
H+Cs H +Cs+. By measuring the kinetic energies of
the negative ions at 0 lab angle, the same techniques used
in photofragment spectroscopy can be employed to obtain
the c.m. energies released in dissociation, and thus to
deduce th» internal energies of the charge-transfer product
states. The large amplification in the transformation of
c.m. to lab energies facilitates the resolution of these states.
The energy resolution here is somewhat lower than in pho-
tofragment spectroscopy because of collisional effects, but it

is still quite high.
The experimental arrangement is shown in Fig. l, which

is labeled for H3+ incident beams. A magnetically mass-
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analyzed H3+ beam at energy Ep undergoes electron capture
in an oven containing Cs vapor. The three charge com-
ponents (+, 0, —) in the emerging beam are separated in

an electrostatic quadrupole with a small entrance aperture at
0' along the incident beam axis. H ions (with energies
near Ep/3) are deflected into a small aperture at the en-
trance to a spherical energy analyzer. The voltages on the
deflecting quadrupole and energy analyzer are coordinated
to pass the same energies. These ions result from H atoms
ejected from the dissociating molecules at 0' and 180' c.m.
angles. The ions that emerge from the energy analyzer are
accelerated through a potential of several hundred eV to ihe
entrance of a channel plate multiplier, whose output is fed
to a count-rate meter. In these first trial measurements the
voltages on the deflector and energy analyzer were simply
swept slowly by hand, and the count-rate meter output was
recorded by an x-y recorder.

03+ + Cs. To avoid any possible confusion of D+ with
H2+, we used D2 in the ion source for this first work. The
spectrum in Fig. 2 represents the energies of D atoms pro-
duced by

D3'+ Cs- Cs'+ D&'- D, + D

—D+D+D .

The spectrum is asymmetric about 8'=0 because variations
in solid angle, angular scattering, and electron-capture cross
sections reduce the detection of the lower lab energy atoms
ejected near 180 c.m, , compared to those near O'. We in-

terpret the central peak in Fig. 2 as due to atoms from the
D+ D+ D products (1b), but the bumps on the wings are
from D2+ D (1a). In addition to the asymmetry, the spec-
trum distorts a straightforward assessment of the relative
contributions as a function of W because (a) the laboratory
energy scale is nonlinear in W [see Eq. (2) below] and (b)
the c.m. solid angle subtended by the detector is strongly
dependent on fK It is sharply peaked at S'=0, where each

atom is traveling at 0' lab angle and is detectable. As H' in-

creases the c.m. velocity of the atoms expands the apex an-

gle of the cone in the lab system that includes all c.m. an-

gles, reducing the c.m. solid angle of the detectable ions as
(E —Ep/3) . Figure 3 shows a preliminary deconvolution
of the forward-ejected half of' the spectrum in Fig. 2, which
accounts f'or this eff'ect. It does not account for the
broadening due to scattering or the causes of the amplitude
asymmetry discussed above, but it does show that the con-
tributions from the two channels (1a) and (1b) are of com-
parable magnitudes.

The energy analysis of the spectra depends on the masses
and number of the dissociation fragments.

Case A (two fragments, masses I7i1 and 77t2): In this case
t.he lab energy of mt is

E = (m1+ I712) [)71 1Ep+ 7772 H + 2(7n I77t2Ep W ) ' ], (2)

where the W is the total c.m. kinetic energy released. The
"amplification" of 8' in the lab frame occurs through its
multiplication by Ep in the last term.

Case 8 (separation into D+D+D): In the three-body
study case, some model of the dissociating n&ode n&ust be
assumed in order to determine the dynamics. We consider
two examples.

(1) The atoms separate at equal c.m. angles, and thus
have equal rnomenta. For equal mass particles, the energies
of a fragment at 0' in the lab are given by

E, = —,
' [E,+ ++2(E,W)'/'] (3)

Values of 8' corresponding to the lab energy Eo in Eqs.
(2), (3), and (4) are shown in Figs. 2 and 3.

The deconvolution used in Fig. 3 gives a much more ac-
curate picture of the reaction product energies and channel
branching than the raw data in Fig. 2, so we will discuss the
results shown in Fig. 3. The spectrum can be partitioned

(2) Only two particles leave the center of mass, with op-
posite momenta: D —D —D. In this case

Eo = Ep/3+ W/2 + (2Ep W'/3 ) i'
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I.IG. 2. Laboratory kinetic energies of D atones produced at 0'
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FIG. 3. Deconvolution of the D3+ + Cs data in Fig. 2 to account
for the +' dependence of the c.m. solid angle detected. +' scales are
appropriate to the indicated decay n&odes.
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into two approximate distributions shown by the dashed
lines in Fig. 3, to represent the released energy spectra of
the two channels (la) and (1b).

For D3+ ions in the ground vibrational state, the
D3+ + Cs reaction is exothermic by 0.77 eV for the
D + D + D channel and by 5 ~ 25 eV for ground-state D2+ D
products. The average energy released to the D+D+D
channel is about H =3.5 eV on the "equal angle" scale,
H' = 2.4 eV on the D —D —D scale, and 8' = 1.7 eV on
the D+D2 scale, which represents a limiting model for the
unbound D+D+D channel. The actual average is some
intermediate value, probably near 2.9 eV. The half-maxima
are near 1 and 4.0 eV. From this D+D+D result we can
deduce that the D3+ ions in the initial beam have internal
energies of about 2.2 eV on the average, with half-maxima
at about 0.5 and 3.2 eV. The excitation results mostly from
the exothermicity of the D2++ D2 D3'+ D reaction that
forms the D3+ in the ion source, which is 0.8 eV for
ground-state reactants. Moreover, the D2+ reactants in the
ion source are themselves excited by the electron-impact
ionization of D2, with an average energy of about 0.96 eV,
estimated from photoelectron spectra. '

The D+D2 channel population peaks at N —5.1 eV,
with half-maximum values of about 3.8 and 6.3 eV. These
values are in excellent agreement with recent H3+ + Cs
results of de Bruijn et al. ' Considering the 5.8-eV exother-
micity of this channel and the initial D3+ vibrational excita-
tion deduced from the D+ D+ D spectrum, the D2+ D
spectrum indicates that the D2 products are internally excit-
ed by —3.6+1 ~ 5 eV in vibrational-rotational levels.

In considering the relative branching between the D+D2
and D+ D+ D channels, one must account for the 3:1
enhanced probability that a D will be formed from the
latter. With this in mind, the areas under the two peaks in

the deconvolution in Fig. 3 indicates that the branching
between channels (la) and (1b) is about 2:1.

D2+ + Cs. The D energy spectrum obtained from
D2++Cs is shown in Fig. 4. The interpretation is the same
as that of de Bruijn et al. ' for H~++Cs. The sharp peak
between 7 and 8 eV results from predissociation of the
c 'II„state to the repulsive b 'X, „+, while the low-energy
shoulder is deconvoluted as a broad peak, resulting from ra-
diative decay of a 'Xg+ to b'X„+. The deconvoluted spec-
trum shows that this transition releases an average total
kinetic energy of about 2 eV, with a peak probability of
about 1.6 eV. Again, the peak at 8'=0 in Fig. 4 is illusory,
owing to the c.m. —lab solid angle transformation. These
preliminary results are in good agreement with the results of
de Bruijn et al. for 5-keV H2++Cs, but lack the resolution
obtained by their technique.

02+ + Cs. The 0 spectrum resulting from O~+ + Cs
02 —0+0 is shown in Fig. 5. It consists of three peaks

centered around —1 ~ 2, —3.3, and 7 ~ 3 eV. The simplicity
of this structure is remarkable, considering the large
number of valence states in the O~ molecule, and as transi-
tions to all three spin manifolds are allowed from the X Hg
and a H„states that normally populate 02+ beams. It indi-
cates that a fairly high degree of selectivity controls the
electron-capture transitions. It seems likely that such a
selectivity would favor transitions that satisfy energy-
resonance and Franck-Condon criteria, i.e, , they terminate
on 02 potentials about 4 eV (the ionization potential of Cs)
below the parent 02+ state, and are nearly "vertical. "

A tentative analysis of this spectrum, based on these cri-
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FIG. 5. Laboratory kinetic energies of 0 atoms from 2020-e&
02+ + Cs.

teria, has Ibeen carried out with the use of 02+ and O~ po-
tential energy curves obtained from Krupenie" and Saxon
and Liu. " Only a few states approximately meet the cri-
teria. Figure 6 shows the relevant potentials. The —2-eV
difference betwen the 1.3- and 3.3-eV peaks suggests that
these peaks result from states with 0( P) + 0( t D) and
0('P) + 0( P) asymptotic limits, respectively, considering
that 0('D.i —0( P) = 1.97 eV. In Fig. 6, one can see that a
single transition to the 1 'H, state 3.3 eV above the
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FIG. 6. Potentials pertinent to the 02+ + Cs results.

0(3P) +0(3P) limit could produce both peaks by branching
at the avoided crossing with 23IIg at R —1.7 A. Note that
the 3.3-eV level is —4.0 eV below 02+(X), and the I 'Ii~
potential is near 8 —1.17 A at this level, nearly vertically
below R, (02+X) =1.12 A, in fair agreement with the cri-
teria. Although the 3.3-eV peak can also result from simi-
larly favored transitions to the close-lying A X„+, 3'3A„,
and c 'X„states (the latter two are not shown in Fig. 6),
only 1 II~ satisfies both transition criteria for yielding the
1.2-eV peak.

Considering the 7.3-eV peak, we note that 7.3 eV above
0('P)+0(3P) is very close to 4 eV below v=0 of
02+ (a "II„); hence, this peak can result from a near-
resonant electron-capture transition from 02+(a II„) to a
state that dissociates to 0('P) +0('P). Only the nearly de-
generate 15Xg, II„, 'Ag potentials of Saxon and Liu" lie

vertically below Oq+(a II„) at 7.3 eV and dissociate only to
0(3P)+0('P). The 23X„+ potential, also shown in Fig. 6,
connects adiabatically to 0('P)+0('P), but an avoided
crossing with 33X„+ connects to 0(3P)+0('D); thus,
2 X„+ would yield peaks at both 7.3 and 5.3 eV. As we see
no evidence of the latter peak, we conclude that the (nearly
degenerate) 1 5X~, 5II„, 'b,

g states produce the 7.3-eV peak.
Because all of the final states of the 02++Cs electron

capture apparently are truly repulsive, these results show in
a rather unique and unexpected way the extent that the
near-resonance and near-Franck-Condon criteria are both
important in selecting the internuclear separations and ener-
gies of the final states. We have not considered transitions
to intermediate Rydberg states that could predissociate to
the final states named above. Such transitions can be ruled
out because the results show that the final states are all very
close to 4 eV below the initial ion states, and are thus below
the level of most Rydberg states leading to that ion limit.

We find that this relatively simple method of analyzing
the final states of dissociative charge transfer can be used
very effectively for molecules whose atoms have a positive
electron affinity. - It probably is incapable of the high degree
of energy resolution achieved by the elegant technique of de
Bruijn et al. ,

5 but it can examine energy releases down to 0
eV and can be used for triatomic dissociations. It can cer-
tainly yield higher-resolution data than were achieved in this
brief work.
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