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H+-H coincidences from the three-body dissociation of excited H3+
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The laboratory energy distribution of protons in coincidence with an H ion, resulting from the disso-
ciation of excited H3+, has been measured for H+-H pairs emitted along the beam for 4.0-keV H3+-He
collisions. An approximate energy distribution of H -H pairs for the collinear configuration of the dis-
sociation products is obtained by transforming the measured laboratory spectrum to the H3+ center-of-
mass (c.m. ) frame. Coincidence data suggest that the reaction producing H+-H pairs where the H+ ion
has near-zero energies ( (0.5 eV) in the c.m. frame is a low-probability process. We have also computed
the adiabatic Born-Oppenheimer energies of H3 ions using a full configuration-interaction calculation
with a basis set of atomic orbitals consisting of 1s, 1s', 1p', 2s, and 2p centered on the protons forming an
isosceles {C&, symmetry) or an equilateral (D3I, symmetry) triangle. The states leading to asymptotic
H++H++H limits have been identified by calculating (1/r, 2) ', the inverse of the expectation value
of the electron-electron repulsion term. The states identified by this procedure have adiabatic Born-
Oppenheimer energies of 40—45 eV above the H3+ ground state at the H3+ equilibrium separation. The
limits on the total available internal energy to be shared by the three dissociation products that one ob-
tains from the experimentally determined H+-H coincidence spectrum are consistent with the
identified H3+ excited states.

PACS number(s): 34.50.Gb

I. INTRODUCTION

A complete understanding of the general three-body
problem is of fundamental importance for all branches of
physics. Of particular interest is the Coulomb three-body
problem where the interaction among the particles is
dominated by the long-range Coulomb potential. The es-
cape of two electrons from an atom after electron impact
near the threshold of ionization, the photodetachment of
two electrons from a negative ion, or the breakup of a
molecular ion into three fragments where one of the frag-
ments has the opposite charge of the other two, are clas-
sical examples of three-body Coulomb problem.

The theoretical development of the three-body
Coulomb problem was started by the classical theory of
Wannier [1]. These results were reformulated by Peter-
kop [2] and independently by Rau [3] using semiclassical
methods. Klar [4], using hyperspherical coordinates, ex-
tended the theory to include three-body systems of arbi-
trary mass having total angular momentum L =0. Feag-
in [5] further developed the theory within the WKB ap-
proximation for arbitrary mass and for L )0. The Wan-
nier technique was also applied to the calculation of the
sharing of the available potential energy by the like
charges [6,7], and the distribution of the correlation angle
between the like charges [8].

To date, almost all experimental studies to verify the
predictions of the theory have concentrated on the study
of systems where two electrons escape from a massive nu-
cleus. Most of the experimental studies focused on the
energy dependence of the total electron-impact ionization

cross sections near the threshold of ionization [9]. More
recently, the predictions of the Wannier theory for the
distribution of the correlation angle 0,2 between the two
electrons were experimentally verified for double photo-
ionization [10]. It is obvious, however, that a system con-
sisting of two electrons and a nucleus cannot probe any
mass-dependent effects of the theory, and a complete test
requires that measurements on massive particles be car-
ried out. In addition, in the case of two electrons nearly
all the energy is carried away by the two electrons. In a
system of nearly equal masses the energy sharing is more
democratic. Unfortunately, the experimental difficulties
associated with most ideal systems, such as the slow-
moving p +p +p or p +p +~+, are overwhelming.

The three-body decay of excited H3+ into
H++H +H+ appears to be the most viable candidate
for the study of different aspects of the three-body
Coulomb problem for equal-mass particles [11,4]. To
date, we have reported measurements of the laboratory
and center-of-mass (c.m. ) energy distributions of H pro-
duced in 4.0-keV H3 -He collisions at 0' with respect to
the beam direction [11]. We have also measured the lab-
oratory and c.m. energy distributions of protons [12],
though there are many more channels that produce H+
from H3+ than produce H . In this paper, we report on
the measurement of the laboratory energy distribution of
protons which are in coincidence with a H that results
from the dissociation of a beam of excited H3+ formed in
4.0-keV H3+-He collisions. The measurements are car-
ried out for the case when both H+ and H are emitted
nearly parallel to the incoming beam direction. This ex-
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1 1 out rovides information about t e col-
linear dissociation of (H3+ )* into H +H +H . n a-
dition, as we wi see,11 the range of total internal energies
available for all three particles in the c.m. frame for dis-
sociating 3 can e eH + b stimated from our data. We also
present the results of configuration-interaction (CI) calcu-
1

'
for the energies as a function of the separation be-ations or e

tween t e pro onth rotons of the dissociative states pro ucing
asymptotica y11 H++H++H in both D3& and Cz, sym-
metries.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The apparatus used in these measurements has been
described in our previous work [12,14]. H3 lolls f10111 a
duoplasmatron source are acceleratedd to 4.0 keV, mass
selected by an analyzing magnet, and focused. Subse-
quent y, t e 3 earn1, h H + b am collides under single-collision
conditions wi'th the He target gas in a differentia y
pump e, -cm-d, 1-cm-long cell. The dissociation products
proceed to a three-parallel-plate electrostatic energy
analyzer which separates the positive and negative ions as
shown in Fig. 1. Using microchannel plates (MCP's), t e
protons are etec e arotons are detected at 0.000+0.024 relative to the
beam direction wid' ' '

th a full width at half maximum
(FWHM) energy resolution of 0.33%. Again using
MCP's, H ions are detected at 0.00'+0. 25 with respect
to the incoming beam direction. We a.so
L - hoton counts resulting from any H(2p) as well asy-ap o
near Ly-a radiation resulting from excited H2 forme
from collisions inside the cell. These were used for nor-
malization purposes, since the photon count rate is pro-
portional to the target-density —beam-current product.

discrimination, and appropriate de ays,dela s are fed into a
time-to-amplitude converter (TAC). We used the H sig-
nal as the "start, " and the proton signal as the "stop" in-
put of the TAC. The output of the TAC is connected to
a multichannel analyzer (MCA) in its pulse-height-
analysis mo e.1 d Coincidences are accumu ate for a
chosen voltage of the energy analyzer, which in turn xes
the laboratory energy of the proton. At the end of a run,

the data are transferred into a computer for further data
reduction and analysis, the voltage of the energy analyzer
is t en set to a new vaew value and the procedure repeate .
Thus, for each laboratory energy of the proton, we ob-
tained a coincidence spectrum between a proton of Axed
energy an a, w end H hen both are emitted parallel to the

+beam direction. We found no coincidences between H
and H rom 3 wH f H + when the collision cell was at the
background gas pressure of 5 X 10 Torr. This ap-
proach eliminates the possibility of H+-H coincidences
originating from metastable (H3+ )* ions or from scatter-
ing of H3+ from slits or apertures.

From time spectra, we determined the integrated num-
ber of true coincidences for the selected H+ laboratory
energies. n ig.g' . I F 2 the number of true coincidences is
shown as a function of the laboratory energy of the pro-
ton The error bars denote the statistical errors in
evaluating the true coincidences. Also shown in ig. 2 is
the total H+ laboratory energy spectrum resulting from
all processes. The central peak of the total H+ spectrum

d to articles having near-zero energies in the
+ ith ne li iblecenter-of-mass (c.m. ) frame of H3 [13]. With neg lgi e

transverse velocities, the ions at this peak move along
with the beam and are collected with high efticiency, yet
the coincidence spectrum shows there are very few pro-
tons of zero energy that are simultaneously formed with
H . This is what we would expect for the breakup o
three particles when the three particles lie along or near
the beam axis with the H between the two protons. The
limited range of acceptance angle of the detectors means
that we are not seeing all possible coincidences; in partic-
ular, protons or wH ith large transverse velocities with
respect to the beam direction do not reach the detectors.
Assuming an isotropic distribution of emitted protons in
the c.m. rame o. f f H + it is possible to approximately
correct for the proton detector's solid angle [13]. Data
corrected for the solid angle effects of the H+ detector
are presente in ig.t d Fig. 3. The vertical marks in Fig.

+denote the H+ energies in the c.m. frame of H3 . ese
values do not increase linearly, a result of the properties
of the transformation equations from the laboratory
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frame to the c.m. frame. We also want to emphasize that
the distribution of Fig. 3 does not represent all possible
three-body states that can result in the formation of
H++H++H, due to the restriction that the H+-H
pairs are nearly collinear in the laboratory.

The center of symmetry of the dip in the coincidence

500

Laboratory Energy (eV)

1 100 1200 1300 1400 1500
o)

P) h ~ C4 Co 0
CV ~ (g Cl

1600

v) 400—
~~
C

300—

200—
40
C

100—

Q=40 eV ' (

/

I

I

I

I
I

I
'!

I--\
I

o
1

I o

0
700 800 900 1000

Proton Energy-Analyzer Voltage (V}
1100

FIG. 3. Integrated number of true coincidences as a function
of the laboratory energy {top scale) of the protons, corrected for
the solid angle effects of the proton detector. The bottom scale
shows the corresponding voltage of the parallel plate analyzer.
As in Fig. 2, the vertical lines show representative center-of-
mass energies of the protons. The error bars denote the statisti-
cal errors associated with the coincidence measurements. The
dashed line is a cubic-spline interpolation to guide the eye.

FIG. 2. Integrated number of true coincidences (solid
squares) as a function of the laboratory energy (top scale) of the
protons. The bottom scale shows the corresponding voltage of
the parallel-plate analyzer. The true coincidences are normal-
ized to the Ly-a counts. Also shown is the total laboratory en-

ergy distribution of protons (open circles). The error bars
denote the statistical errors associated with the coincidence
measurements. The dashed line is a cubic-spline interpolation
to guide the eye. The vertical lines show representative center-
of-mass energies of the protons. One should note that there are
no H+-H coincidences for near-zero center-of-mass-energy
protons.

data of Fig. 3 determines the laboratory energy of pro-
tons that have zero energy in the c.m. frame of H3+.
Protons with laboratory energies larger than this amount
move forward in the c.m. frame of H3+, in the same
direction as the initial beam. Protons with energies less
than the center of symmetry of the dip move in a direc-
tion opposed to the direction of the incoming beam. The
laboratory energy of the center of the dip corresponds to
a laboratory energy of (Eo —Q)/3, where Eo is the ener-

gy of the incoming beam and Q is the inelastic energy loss
associated with protons that have zero velocity in the
c.m. frame of H3

This inelastic energy loss is determined by adjusting
the value of Q until c.m. coincidence energy distributions
are symmetric for protons moving forward or backward
in the c.m. frame of the dissociating H3 . From coin-
cidence data we determine Q to be 40 eV. This value of Q
is used in the transformation of the energy distribution of
H+-H pairs from the laboratory frame to the c.m.
frame. This procedure is approximate since in reality we
have a distribution of Q s. Yet, this approximation does
not considerably aAect our results since the transforma-
tion equations are relatively insensitive to the value of Q.
In fact, changing Q from 40 to 30 eV introduces only an
approximate shift in the c.m. energies of 0.2 eV.

The value of Q is different from our original value of 60
eV, published in Ref. [12], that we used for the transfor-
mation of H energies from the laboratory coordinate
system to the H3+ c.m. frame. This larger number for
the inelastic energy loss in our original published work
[12] resulted from the fact that the original calibration
procedure for our parallel-plate energy analyzer led to
large uncertainties in the measured energies. We recali-
brated the energy analyzer using the minor trace ions
present in the ion source as well as defocused beams of
H+, H2+, and H3+. In this procedure, we related the
voltage of the analyzer to the potential applied to the ion
source when the beam hit the detector. The resulting
analyzer constant is used to determine the energy of ions
at arbitrary voltages. This procedure automatically
reduces to negligible values any errors in the measured
proton energies associated with energy shifts [15] inside
the ion source. This new method of calibration was also
used for the dissociation studies of H~ -He collisions
[16].

III. CALCULATION OF H3 ENERGIES

The energy distribution of H -H pairs we experimen-
tally determined must be consistent with the potential-
energy curves of H3+. Although the excited states of
H3+ were previously calculated [17,18], the excited states
leading to the production of H+ +H+ +H have never
been identified. In this section, in addition to the calcula-
tion of the excited states, a novel method to identify the
excited states leading asymptotically to H++H++H is
presented.

A linear combination of atomic orbitals (LCAO) full
configuration-interaction (CI) calculation of the adiabatic
energies was carried out for H3+ in a number of equila-
teral triangle and isosceles triangle geometries. The basis
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Type

1s (short range)' 68.16
10.246 5
2.346 48
0.673 320
0.224 660

C;

0.002 55
0.019 38
0.092 80
0.294 30
0.492 21

1s' (long range)'

1p

0.082 217 1.000 00

1.000 00

2s 0.984 13
0.037 634
0.014 660

—0.053 85
0.603 35
0.444 92

2p

'Taken from Ref. [20].
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we show the 17 lowest 'A& energies and in Fig. 6 we
show the 18 lowest '82 energies. In both cases these are
plotted as a function of the length of the base of the isos-
celes triangle. The altitude of the triangle is kept fixed
for all of these geometries at the equilibrium value associ-
ated with the ground-state equilateral triangle.

In order to identify the states of H3+ that can lead to
H++H++H, we have also calculated the inverse of
the electron-electron repulsion energy in the system,
( I /r, z ) '. In the Born-Oppenheimer approximation
the total energy may be written as

E„,=E„„,+(T)+(V)+(1/r, 2),
where E„„,is the repulsion energy of the three protons, T
is the electronic kinetic-energy term, V is the electron-
proton attraction terms, and the last term is the
electron-electron repulsion energy. Therefore, we have

'A

V

8, 10

(1/, ) '=[E„, E„„,—(T—&
—( V&]

If a state has the asymptotic form H+H+H+, the ex-
pectation value of ( I/r&2) ' should eventually increase
with the size of the triangle at a rate proportional to the
size. On the other hand, if the asymptotic state is
H+ +H +H, ( 1/r, 2 ) ' should be nearly independent
of the size of the triangle. The graphs of (1/rtz ) ' for
selected states of the D3& and C2 geometries of H3+ are
presented in Figs. 7 —9, where the integers correspond to

0
0

R (a.u. )

FIG. 7. The inverse of the expectation value of the electron-
electron repulsion term, i.e., (1/r, 2 &

' as a function of the dis-

tance between the protons for the selected ' 3
&

and 'E' energies
of the D3), configuration. The numbers refer to the ascending
ordering of the corresponding energy curves in Fig. 4. Note
that only the states 8, 9, 10, and 12 produce two protons and a
stable H
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FIG. 6. The adiabatic Born-Oppenheimer energies of the first
18 'B, states of H3+ calculated as described in the text for the
C2 symmetry (isosceles triangle). R is the length of the base of
the isosceles triangle. Only the states labeled 11—14 lead to the
production of two protons and a stable H

FIG. 8 ~ The inverse of the expectation value of the electron-
electron repulsion term, i.e., (1/r, 2&

' as a function of the
length of the base of the isosceles triangle, for the 'A

I states of
the C2 configuration. The numbers refer to the ascending or-
dering of the corresponding energy curves in Fig. 5. Note that
only the states 12—15 (inclusive) produce two protons and a
stable H
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12

10—

'A 6-
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FIG. 9. The inverse of the expectation value of the electron-
electron repulsion term, i.e., (1/r, 2) ' as a function of the
length of the base of the isosceles triangle, for the '82 states of
the C& configuration. The numbers refer to the ascending or-
dering of the corresponding energy curves in Fig. 6. Note that
only the states 11—14 (inclusive) produce two protons and a
stable H

IV. DISCUSSION AND CONCLUSIONS

In this paper we have presented a measurement of the
energy distribution of protons in coincidence with a H

the ordering of the corresponding energies presented in
Figs. 4—6. We show, in particular, the behavior of
(1/rI2) ' for the two lowest-lying energy states and for
those that dissociate into two protons and a stable H
ion. We particularly note this last case, since some of the
calculated states in this system represent excited H that
are bound states only because of the relative nearness of
the other protons. Such states eventually autoionize to
an H+e when the triangle becomes large enough and
do not lead to states of interest in this study.

In all cases, around the equilibrium geometry of H3+,
the energies of the adiabatic states that asymptotically go
to H+ +H+ +H have values in the range 40—45 eV
above the ground state at the equilibrium separation of
H3+.

There are, of course, states of H with n )2 whose ener-
gies intervene between the energies of H++H+H and
H++H++H asymptotic states. These should be in-
cluded in a complete treatment of this system. Neverthe-
less, we feel that the inclusion of the n =2 states gives a
representative behavior of nonvalence states in this pro-
cess. In this connection we observe that the states for
n =3,4, . . . are even more diffuse than those for n =2
and are expected to interact less with valencelike states
than do the n =2-ones. They should therefore have less
inhuence on these processes.

for the collinear configurations of the three-body system
(Fig. 1). Transforming this laboratory energy distribu-
tion we obtain the approximate energy distribution of H+
found to be in coincidence with H, in the H3 c.m.
frame (Fig. 2). We emphasize that this distribution is for
the near-collinear configuration of the dissociation prod-
ucts, due to the experimental configuration of the ap-
paratus.

Although detailed information about the dynamical
configuration of the H++H++H three-body system
can only be found by measuring the laboratory energies
and angles of the three particles in coincidence, we can
show that our present measurements are consistent with
the theoretical calculations of the H3+ energy states lead-
ing asymptotically to H++H++H, also presented in
this paper. To do this, we use the former measurements
of the c.m. energy distribution of H obtained in a non-
coincidence experiment [12]. These earlier results show
that the H distribution in the H3 c.m. frame has a
broad maximum at about 0.75 eV with the distribution
extending out to 2.5 —3 eV. Although this spectrum does
not exhibit a sharp cutoff at around 2.5 —3.0 eV, the dis-
tribution beyond this region is small. We also use the
fact that our present coincidence data show a H+ distri-
bution in the c.m. frame of H3+ that is largest from about
0.75 to 4 eV. As discussed earlier, a distribution of in-
elastic energy losses are most likely and our transformed
distribution is approximate.

The range of total internal energies available for the
three particles can be estimated from our present coin-
cidence data and our previously measured H distribu-
tion [12]. By taking various colinear combinations of H+
energies from 0.75 to 4 eV, and H energies from zero to
3 eV, we calculate the c.m. energy of the third, undetect-
ed H using the conservation of energy and momentum.
The sum of these energies in turn gives the total internal
energy available for the colinear dissociation process.
This available energy c, , varies from about 1.5 eV up to 18
eV. We see that the distribution of a H+ coincident with
a H with c.m. energies from 0.75 to 4 eV can result
from a colinear process with a wide range of total inter-
nal energy c, . This wide variability is characteristic of
the three-body decay in that energy and momentum con-
servation are not sufhcient to determine the total avail-
able internal energy uniquely.

The range of E., is consistent with our calculated total
internal energy of the excited H3+ states that asymptoti-
cally produce H +H++H . The total internal energy
c., in Fig. 4 corresponds to the energy difference between
the potential energy of the excited state at a given inter-
nuclear separation, and the H++H++H asymptotic
limit. The c., range of 1.5 —18 eV, determined from the
coincidence data as explained above, is compatible with
the energies one would obtain from the identified poten-
tial curves of Fig. 4.

We also found essentially no H of zero c.m. energy in
coincidence with H . This implies that the
configurations where a proton with zero energy, and a
H+ and a H go off back-to-back in the c.m. of H3+,
while carrying away the available energy, is unlikely,
since the energy and momentum are conserved in the
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c.m. of the dissociating H3+.
In conclusion, the observed H —H coincidence dis-

tribution results from the excitation of H3+ to the states
not previously theoretically identified. After the excita-
tion which occurs in D3& symmetry, the dissociation may
proceed through different geometries to the final
H+ +H+ +H asymptote. The present experiment
probed only the collinear configuration. These results are
needed in designing the more complete triple-coincidence

experiments to test the angular correlations for the
three-body Coulomb problem.
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