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Center-of-mass energy distributions of coincident H and H from
the collision-induced dissociation of H3 in He
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The collision-induced dissociation of H3 on He at a relative energy of 4.8 keV was performed. The
laboratory energy distributions of H and H+ were measured. The energy-analyzed spectrum of H
was measured in coincidence with H+, and the energy-analyzed spectrum of H was measured in coin-
cidence with H . From these results, the energy absorbed by the H3 molecule in the excitation process
induced by the collision with He previous to its breakup, was evaluated. The center-of-mass energy dis-

tributions of both fragments (H and H+) were obtained, and from these the average angle between the

positive fragments was determined, as well as the mean total kinetic energy gained by the fragments, and

the most probable energy for both charged products. Comparisons with previous measurements are

given.

PACS number(s): 34.90.+q, 35.80.+ s, 35.20.Gs

INTRODUCTION

An interesting molecular dissociation channel that
leads to negative-ion products is the process called polar
dissociation. In particular, this process occurs when H3
dissociates as H +2H+, and it has attracted the atten-
tion of some experimental and theoretical groups. This
interest stems from the need for generating intense nega-
tive hydrogen ion beams for neutral beam injection to
heat thermonuclear fusion plasmas, and from the theoret-
ical point of view, it is also interesting since the three par-
ticle breakup H++H +H+ is highly correlated because
of the long-range Coulomb interaction forces present in
the process.

Earlier experiments on this process were carried out at
relative energies in the range of a few keV [1—7,9] with
He as a target gas, and assuming that charge transfer
from the target is unlikely due to the very small cross sec-
tion for this process, thus leaving the channel H3 +
He~H+ + H + H+ as the most feasible one for the
production of H . Recently [8], one experiment at 2700
keV was performed using Ar as a target, and again it was
interpreted by assuming that at this energy the probabili-
ty of charge transfer is also unlikely and that the main
process is that of production of H and two protons.

References [1,2] deal mainly with the total cross sec-
tion for the negative-ion production. References [5,7,8,9]
deal with the study of the three body fragmentation. In
Refs. [5,9] the internal energy absorbed by the molecule
during the dissociation process (Q), and the maximum of
the energy distribution ( W,„)of the H fragment were
evaluated. Also, the lower value for the correlation angle
0&2 between the two protons in the center-of-mass (cm)
frame of the dissociating H3+ molecule was estimated.
In Ref. [9], the authors reported coincidence measure-
ments between the negative hydrogen atom and the pro-
tons and obtained the energy spectrum of the protons in
the H3+ cm frame. From these spectra, the most prob-

able energy value of H+, 8 +, was found to lie between
0.75 and 4 eV, and the authors could register H+ counts
with energies as high as 9 eV. The results at high energy

[8] showed a difFerent behavior; W+ was found to be 0.89
eV, and the maximum energy of the protons, 8'+,„,was

4. 1 eV. Moreover, these authors agreed with some of the
results published in Refs. [4,6], concerning the total
kinetic energy acquired by the fragments, 8;, and with

the maximum energy gain by H, 8',„,during the dis-
sociation process. In principle, there is no reason to be-
lieve that in the MeV range of energies with Ar as a tar-
get gas the process is exactly the same as that taking
place at keV energies with He as a target gas; neverthe-
less, some affinities between both experiments were
found. Because of the similarities and apparent
discrepancies between the available sets of data and of the
importance of these studies to gain more insight into the
understanding of the three-body Coulomb problem,
which is far from being complete, it was then decided to
undertake these measurements.

In the present paper, we report the results of our re-
cent measurements taken with a apparatus of different
geometry from that of Refs. [4,6], allowing the perfor-
mance of coincidence measurements between the positive
and negative fragments, along with a more complete
analysis of the H3+ fragmentation on He at keV relative
energy.

EXPERIMENTAL APPARATUS

A schematic diagram of the experimental apparatus is
shown in Fig. 1. A Colutron-type ion source was used to
generate the fast-ion beams; these were momentum ana-
lyzed by means of a magnetic mass spectrometer and
brought to the desired trajectory and energy through a
parallel-plate energy analyzer to clean the beam and
focus it into the entrance of the interaction cell contain-
ing He at a pressure of about 0.1 mTorr. The interaction
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FIG. 1. Schematic of theexperimental setup. Not to scale.

cell was a cylinder of 2.5 cm in length and diameter, with
entrance and exit collimators of 1.0- and 1.5-mm diame-
ter, respectively; all apertures and collimators had knife
edges. The interaction cell was located inside a
differentially pumped vacuum chamber. A retractable
Faraday cup was located 6 cm away from the exit aper-
ture, allowing for the measurement of the incoming ion-
beam current. The dissociation products entered the
detection chamber and were charge separated by a per-
pendicular electric-field produced by a pair of parallel
plates, which were located 37 cm away from the gas cell;
these plates were rectangular in shape, 5 cm wide and 7.5
cm long and 2.5 cm of separation; a grounded plate with
a 0.5-cm-diameter collimator was positioned 2 cm away
from the plane defined by the edges of the plates in such a
way that the collimator faced the geometrical axis of the
volume defined by the plates. The charged fragments,
H and H+, were separated and guided by the field to-
ward their detectors located sideways at +10' from the
undeflected beam direction, and 17.4 crn away from the
edge of the plates. On one of the sides, a parallel-plate
electrostatic analyzer was oriented at 45' between the
charged fragment direction and the field, with a channel
electron multiplier (CEM) attached to its exit end. A rec-
tangular slit of 0.3X10 mm was placed in front of the
CEM, and a collimator of 2.38 mm of diameter at the en-
ergy analyzer allowed the measurement of the energy
spectrum by sweeping the voltage between its plates. Un-
der these conditions the measured energy resolution,
AE/E, was 0.01. Two other CEM's constitute the detec-
tor system: one of them was placed on the opposite side
of the analyzer to register the other charged fragment,
and the third CEM at 0', so that the neutrals could be
detected. The detectors and the analyzer were shielded
to prevent unwanted events to be registered.

This convenient geometry allowed the measurement of
the energy distribution of the charged particles in coin-
cidence, and to monitor the neutral beam in the central
detector.

Vacuum base pressures in the system were 10 Torr
without gas in the cell and 8 X 10 torr with gas.

The Coincidence Circuit. The coincidence setup that
was used for the present investigation has been described

FIG. 2. The squares ~ represent the energy distribution of
the H fragment taken without the coincidence technique. The
triangles L represent the energy distribution of the H frag-
ment in coincidence with H+. The intensities have been nor-
malized.

in detail in a separate paper [10]. Briefiy, it consists of a
circuit that triggers a time delay generator upon the ar-
rival of an H (or H+) pulse. During the time it takes
for the delay, the gate of the coincidence counter is open.
Thus, any ion pulse arriving during this delay time will be
acknowledged as a coincidence event, whether it is an
H+ ion from polar dissociation or from any other chan-
nel. By reducing the time delay down to 224 ns, which is
close to the time it takes for the ion pass through the
analyzer, then coincidence spectra such as those shown in
Figs. 2 and 3 could be obtained (see below for an explana-
tion). Other counters were attached directly to the
amplifiers of the H and H+ channels. The whole setup
was computer controlled.

The calibration of the analyzer was performed over the
energy range 0.5 to 5 keV, with H+, H, and H3+
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FIG. 3. The squares ~ represent the energy distribution of
the H+ fragment taken without the coincidence technique. The
triangles A represent the energy distribution of the H+ frag-
ment in coincidence with H . The intensities have been nor-
malized. The crosses + correspond to the energy distribution
of the H+ fragment in coincidence with H after subtraction of
the data with, and without the coincidence technique.
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beams. The analyzer was first placed on the accelerator
axis (0') and oriented at 45 between the beam direction
and the retarding field with no gas in the cell; then it was
placed at an angle of 10 from the accelerator axis and the
calibration procedure was repeated. The calibration was
tested several times in this latter position during the
course of the experiment.

Prior to any energy distribution measurement, a volt-
age was applied to the charge-state separating plates to
divert H3+ toward the analyzer with no gas in the target
cell, and it was adjusted to correspond with the center of
its energy distribution. Then, helium was admitted in the
target cell, the neutral fragments were detected in the
central detector, and protons and negative hydrogen
atoms were diverted to opposite directions to be detected
in coincidence. The analyzer voltage was driven by a
computer over a range of voltages high enough to cover
the complete charged fragment spectra. Thus, when the
H+ fragments were energy analyzed, the H fragments
were registered by an open channel electron multiplier
(CEM). The same procedure was followed by diverting
H into the analyzer and registering the H+ by the open
CEM.

The coincidence measurements, namely, those of H+
(or H ) fragments produced in the interaction cell con-
taining He gas as a function of the energy gained or lost
in coincidence with the opposite charged particle, H (or
H+) were performed by sweeping the analyzer voltage
with a computer-controlled power supply, and simultane-
ously counting the H+ (or H ) pulses in coincidence with
H (or H+) from the CEM for each analyzer voltage
step.

were registered according to its energy and in coin-
cidence with H+ reaching the open detector during the
coincidence interval. The counting rate in the second
mode was very low (1.5 counts per minute on average).
To correlate both spectra, the intensities of their central
peaks were normalized. The coincidence counts are
represented by the triangles in Fig. 2. After normaliza-
tion, a replica of the spectra taken with the off mode was
obtained. Indeed, it was expected to be this way if the as-
sumption for H formation through the available chan-
nel H +2H+ were true.

A careful inspection of Fig. 2 reveals that the con-
current apexes of both energy distributions are slightly
shifted to the left of the position that corresponds to zero
energy loss, namely, one third of the incident energy.
This shift from the peak at Q =0 arises from the loss of
energy during the collision, which in turn is a measure of
the increment in internal energy of the molecule. From
the calibration of the analyzer, and from the spectra, a
value of Q =25+5 eV for the energy absorbed by the
molecule was determined. This value is close to that re-
ported in Refs. [3,4,6], and it is consistent with the avail-
able calculations [9,11].

The H+ spectrum

In Fig. 3, the continuous line connecting the circles
shows the H+ energy distribution taken in the off mode.
Many reaction channels contribute with H+ fragments to
this spectrum; among them, the conspicuous one is the
electronic excitation from the ' A ', to the 'E' energy level.

By this process, H3+ will dissociate in the following ways

[12]

RESULTS AND DATA ANALYSIS

The data were analyzed according to the following ki-
nematic relations (see Ref. [5] for more details):

E„b= —,
' m ( V+ v )

and

H, ['E']~2 H(l s) +H+ at 9.3 eV

~ H2 (iso)+H(ls) at 6. 5 eV .

or its equivalent

E = +e +2 elab

1/2

(2)

In these equations, E&,& is the H energy in the laborato-
ry frame of reference, m is the H mass, V represents the
cm velocity of H3+ after the collision, v is the velocity
of H relative to V, EO is the acceleration energy, Q is the
energy transferred to the molecular ion and e is the H
energy. This formula is applicable for H+ by simply in-

terchanging e for e+ and v for v+.

The H spectrum

The energy spectrum of H was obtained first by pass-
ing the negative ion through the calibrated analyzer lo-
cated at 10 from the accelerator axes and by sweeping
the voltage in the plates without operating the coin-
cidence electronics (off mode). The resulting curve is
symbolized by the squares in Fig. 2. The coincidence
electronics was then set on (on mode) and the H counts

This channel was predicted theoretically, including
molecular symmetry considerations. The electronic exci-
tation from the ' A ', to the ' A 2' excited state, and subse-

quent dissociation can also provide the H+ fragment at
higher energies [13]. These processes contribute with
protons mainly to the wings of the spectrum.

On the other hand, the central peak is inconsistent
with the electronic excitation process, because it is possi-
ble to observe protons with zero-energy release at the po-
sitions of the spectrum corresponding to Q -0 eV in the
cm frame. This is interpreted as a consequence of vibra-
tional excitation of the molecule with subsequent dissoci-
ation. The nonvanishing fraction of the primary H3
ions existing at higher vibrational states supplies the ini-
tial levels for vibrational excitations connecting the above
dissociation limits. Nevertheless, an equilateral triangu-
lar H3+ may find itself in a different geometry caused by
the collision with a target atom. In this new geometry,
H 3 may be unstable and would decay into H z and H + .
This system in the Cz, geometry was studied by
Bauschlicher et al. [14] over a restricted range of inter-
nuclear distances. There are indications of a shallow val-
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ley on the potential surface contour diagram correspond-
ing to a stable H2 and an H+ at infinity.

The polar dissociation channel, leaving H++H +H+
is also present with very small intensity compared with
those from the other channels, since the total cross sec-
tion for H+ production is -5X10 ' cm, as compared
with a value of -7X10 ' cm for H [2] at 5 keV.
When the coincidence setup is in the off mode, all of the
above processes contribute to the total intensity of the
whole spectrum, that is I=I'+I"+ +I(2H+
+H ). In the on mode, preference is given to the latter
process among all others since their contribution is not
correlated with that of H production, which is only pos-
sible through the last channel. As a consequence of the
very small cross section of the H production from polar
dissociation ( -7X 10 ' cm at 5 keV) the total intensi-

ty of the spectrum will be reduced drastically because all
those uncorrelated ions that do not happen to reach the
detector during the short coincidence interval (224 ns),
but the features due to the H+ ions that were produced
simultaneously with the H that triggered the coin-
cidence electronic will become apparent. This coin-
cidence spectrum is shown by the triangles in Fig. 3.
When both noncoincident and coincident spectra were
normalized to the intensity of the central peak, a compar-
ison reveals a remarkable similarity over some portions,
namely, in the position of their apexes, the upper width
of the central peak and in the outermost part of the
wings. On the other hand, the inner part of the wings
shows clearly two lateral bulges arising from the contri-
bution of coincident H+ ions when the coincident circuit
was in the on mode. A subtraction of the normalized
spectra allows us to cancel the spurious undesirable chan-
nels, and thus obtain a clear energy spectrum of the H+
produced simultaneously with H; this result is also
shown in Fig. 3 by the crosses with error bars. The
fitting curve through the experimental points was ob-
tained by adjusting the points to a polynomial by least
squares. In spite of the poor statistics, the minimum in
the center of the fitting curve is displaced from the zero
energy loss in the cm frame Q =0, which is the same
effect already discussed with respect to the H energy
spectrum in Fig. 2. This displacement gives a value of
Q =23 eV as the total energy absorbed by the molecule as
internal energy, in agreement with the displacement ob-
served from the H spectrum. It is clear that the same
channels are present in both spectra, but the number of
the H+ correlated with H pertaining to the off mode is
two orders of magnitude smaller than the whole, and
does not affect the final result to any significant extent.
The agreement in the position of their apexes at Q =0, in
the width of their central peaks, and in the shape and in-
tensity of the outermost part of the wings of both spectra
after the normalization ensure that these parts are sup-
plied by H+ from the channels discussed above, other
than I(2H +H ).

The transformation of the energy distributions to the
cm frame of H3+ (Figs. 2 and 3) of the polar dissociation
fragments was performed. Both cm distributions were
normalized to encase the same area and are exhibited in
Fig. 4. From this figure, the most probable energy of H
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~ 0.2
65
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was found to be 0.42 eV; the maximum, 2.5 eV, was
determined by a straight line extrapolation of the trend of
the energy distribution shown in Fig. 2. The positive
fragment exhibits a maximum at 1.68 eV, which is the
most probable energy, and 5.1 eV for the maximum ener-

gy value of H+.
In fact, that cm distributions represent the probability

densities (p+ and p ) for finding a fragment with a given
energy e; both distributions were used to perform the
same analysis as in Ref. [8], and by following the same
procedure. Thus, in the statistical analysis of these distri-
butions each fragment was allowed any amount of cm en-

ergy, provided that the probability for a fragment to pos-
sess a certain amount of energy is given by the energy dis-
tribution, and that the total cm momentum of the three
fragments is zero. The trial function

p(e )=ac~exp( —ye ) (3)

was used to fit the cm distributions. The parameters a, P,
y, and 5 were determined by a least squares procedure to
attain the best fit to the experimental points. With these
values, the average value of the angle between the two
protons was obtained

8~2= f f fp+(&~+)p+(e2+)p (e )

E E') 6'2
X arccos, de,+de&+de (4)

2(ei Ep )

and also the average value of the total-kinetic-energy
release by the molecule in its fragments

+&+++
X(e&+ e+'z++e )de+, de~+de (5)

The lower and upper integration limits for the variables
e,+ and e2+ are zero and 5.1, respectively, whereas for 6
these are zero and 2.5 eV. It was found

and

0)2= 140'+19

0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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FIG. 4. Transformation of the energy distributions of H
and H+ fragments, to the H3+ cm frame. Both distributions
were normalized to encase the same area.
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TABLE I. Summary of the available data of (a) The total-energy loss by the molecule in the collision

(g), (b) The most probable energy value of H (W ), (c) The maximum energy value of H (W,„),(d)

The most probable energy of the H+ ( W+), (e) The maximum energy value of H+ ( 8"+,„),{f)The total-
kinetic-energy release ( 8', ) and the mean angle between the H+ fragments 0&z. The energy values are
in eV. + denotes estimated values.

8'
~max
JY+

+
~max
w,
~~z

Ref. [5]

60+12
0.75
2.5

0.75
~9

=18+
=163 +

Ref. [9]

40
0.75

3

=9
=18+

= 163'+

Ref. [4]

22+6
0.5
2.6

Ref. [6]

22+6
0.5
3

Ref. [8]

0.21
1.72
0.89
4. 1

3.4+1.3
141'+23'

Present work

25+5
0.42
2.5
1.68
5.1

5.5+1.7
140'+19'

8', =5.5+1.7 eV .

The uncertainties reported are the standard deviations of
the experimental values.

The present results are shown in Table I together with
previously reported data. The comparison must be done
by having in mind that the initial state of H3 is un-

known, and that the results of Ref. [8] were originated
from a high-energy experiment, as opposed to the other
experimental results.

CONCLUSION

The H and H+ energy distributions were obtained by
applying a coincidence technique. From the first prod-
uct, H, a replica of the spectrum taken with noncoin-
cidence technique was acquired. This test was interpret-
ed as a confirmation that there is only one important
channel present in the reaction. Referring to the second
product, H+, the spectra with the coincidence technique
and without it are very different due to the contribution
of different channels to H+ production and the selective
effect of the coincidence electronics over the correlated

H and H+ production. From the normalization and
comparison of both spectra (on and otf modes} it was pos-
sible to identify the one that leads to H+ + H + H+,
and a clear H+ energy spectrum was obtained.

A statistical analysis was made employing the transfor-
mation to the cm frame of the energy distributions to
derive the mean angle between the positive fragments and
the mean total-kinetic-energy entailed in the dissociation
process. Considering the experimental uncertainties,
reasonable agreement is found between the present data
and some of the results from different laboratories, as it is
observed in Table I, and as it was pointed out before, a
comparison between the present results and those from
other laboratories must be done by having in mind that
the initial states of the projectile are unknown. Never-
theless, the agreement of the present results with those
taken at MeV energies with Ar as a target is encouraging.
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