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The authors report measurements of the joint distributions in energy and angle for fragments arising from
the dissociation of 1.2-MeV H,* and 3.0-MeV HeH™ in thin carbon foils and in a variety of gases at several
pressures. From the foil measurements the distribution of initial internuclear separations in the incident
projectiles is derived. These distributions are then used in conjunction with the results for gas targets to
determine the role of excited electronic states of the projectile in collisionally induced dissociation. Finally, it
is shown how these states also play a vital role in some other phenomena that occur in the interactions of fast

molecular ions with foils.

1. INTRODUCTION

The collision-induced dissociation of molecular
ions has been previously studied, mostly with
gaseous targets and with ion-beam energies in the
keV range (for a recent review, see Ref. 1). In
this field, the term “high energy” has come to
mean beam energies of a few tens of a keV. There
are, however, some definite advantages in ex-
tending such studies to ion velocities of an order
of magnitude higher, i.e., to beam energies in the
MeV range. For light projectiles at these energies,
the time for a typical collision with a target atom
is short enough (~10"" s) [compared with the times
for molecular vibration (~10°!* s) and rotation
(~107*2 g)] that during the collision the nuclei
of an incident molecular ion may be considered to
be stationary in the projectile frame. Further-
more, the collision time is short compared with
the characteristic times for the possible dissocia-
tion modes—these times extend down to about a
femtosecond (107!° s) for those dissociations that
arise from “Coulomb explosions” (the rapid flying
apart of the nuclear constituents of a molecular
projectile when all or most of its electrons are
stripped away in a collision). Thus for high pro-
jectile velocities (v > v, =¢*/7) it can be expected
that, to an excellent approximation, collision-in-
duced dissociation may be treated as a two-step
process. First, there occurs a rapid collision
with a target atom during which the projectile’s
nuclei do not move in their c.m. (center-of-mass)
frame. Because of their low mass the electrons
associated with the projectile reconfigure them-
selves in a time comparable with the collision time
(this process includes the possibility of removal
by ionization of some or all of the electrons).
There then follows, on a much longer time scale,
a dissociation of the resultant excited molecular
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state into two or more atomic or molecular frag-
ments. At these projectile velocities, excitation
mechanisms other than electronic excitation (e.g.,
rotational/vibrational excitation due to a large
momentum transfer to one of the projectile nuclei)
can be expected to play relatively minor roles.?

There are several other approximations that
acquire improved validity at MeV bombarding
energies. For example, energy losses (typically
a few eV) due to inelastic collision processes may
be neglected. The deflection of the projectile’s
c.m. during the collision may be neglected. A
Born-approximation treatment of the collision is
expected to be more fully justified at high pro-
jectile velocities. (For detailed discussions con=-
cerning these and other approximations, see Refs.
3 and 4, and references contained therein.)

The main difficulty in studying collision-induced
dissociation at MeV energies is the technical one
of obtaining adequate angular resolution. The
fragments emerging from a collision are contained
within narrow cones centered on the beam direction.
The angular widths of these cones are approxi-
mately inversely proportional to the projectile
velocity. At MeV energies the width of such a cone
is typically a few milliradians (mrad), and thus an
overall angular resolution of ~10™* radians is
usually required. In the work described in this
article, an angular resolution of 3 X 10™* radians
was employed. A corresponding resolution in
measuring the momenta of the collision fragments
is also needed, but in practice is not so difficult
to achieve. The relative momentum resolution
used in the work described here was also 3 X 10™
(a relative energy resolution of 6 x 10™%).

A significant advantage in using MeV bombarding
energies lies in the fact that the measurements
can be readily extended to include thin solid targets.
At keV energies, use of even the thinnest and
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lightest foils (e.g., ~100-A-thick carbon) intro-
duces a serious worsening in resolution because
of energy-loss straggling and multiple scattering.
Of these, the effects of multiple scattering are
the most crippling. However, as the projectile
velocity V, is raised, there is a decline not only
in the absolute values of the multiple-scattering
angles (which vary as V;?), but also in the values
relative to the cone angles (which vary as V3!).

As an example, the full width at half-maximum
(FWHM) of the multiple-scattering distribution for
1-MeV protons traversing a 100-A-thick carbon
foil is 7x 10"* radians, while the average energy
loss of these protons is ~500 eV and the straggling
width is only a few tens of an eV.

For light projectiles (H,", HeH*, He,", etc.) in-
cident at these energies upon a foil, the electrons
that bind the projectile are almost always totally
stripped off within the first few angstrom of pene-
tration into the solid target. This is a consequence
of the large cross sections (~107'® cm?) for elec-
tron loss® and of the fact that close collisions with
target electrons cannot be avoided in a solid.
There then follows a Coulomb explosion in which
the bare (or nearly bare) nuclei of the projectile
fly apart by virtue of their mutual Coulomb re-
pulsion. The characteristic time for this explosion
is typically ~10°'% s, which is on the same order
as the dwell time of the projectile in the foil, if
the latter is about 100 A thick. It is therefore to
be expected that much of the Coulomb explosion
takes place inside the foil and that it then runs to
completion in the vacuum downstream after the
fragments emerge from the traget. Inside the tar-
get the individual fragment trajectories are also
influenced by multiple scattering and by effects
due to the electron polarization “wakes” induced
behind each of the fragments traversing the foil.
These wake effects have been shown®” to give rise
to easily observable modifications to the pattern
of trajectories measured downstream from the
target. :

For dilute gaseous targets, on the other hand, it
is to be expected that most collisions will be much
less violent than those in foil targets. On the
average there will be fewer electrons removed
from the projectile and, correspondingly, a great-
er probability for dissociation into less highly
charged fragments. There should be no observable
effects due to wakes or to multiple scattering.
These general expectations have in fact been con-
firmed in those few measurements reported thus
far®® comparing results for gas and foil targets
and with MeV projectiles [12-MeV OH" (Refs. 8 and
9), and 3.7-MeV *HeH" and 2.8-MeV OH"* (Ref. 8)].

In this article we report on detailed measure-
ments of the joint distributions in energy and angle

for various fragments arising from the dissociation
of 1.2-MeV H," and 3.0-MeV HeH" in thin carbon
foils and in a variety of gases at several pressures.
Section II gives a description of the experimental
arrangements used in both the solid- and gas-tar-
get experiments; the results of which are present-
ed in Sec. III. Settion IV describes the procedures
we used in extracting from the foil measurements
the distribution of initial separations in the inci-
dent projectiles. These distributions are then used
to analyze the gas data. In a discussion of the
“reflection method” we show how the role of ex-
cited electronic states in the dissociation process
can be determined. Finally, in Sec. V, we des-
cribe how consideration of these states is im-
portant in understanding some hitherto unexplained
phenomena that are observed in the interactions of
fast molecular-ion beams with matter.

II. EXPERIMENTAL ARRANGEMENT

The apparatus used in these measurements is
essentially the same as that used in recent mea-
surements® 12 on the foil-induced dissociation of
various molecular-ion beams produced by Ar-
gonne’s 4-MV Dynamitron accelerator.

A. Foil targets

Figure 1 shows the arrangement used with foil
targets. Magnetically analyzed molecular-ion
beams were collimated to have a maximum angu-
lar divergence of +0.09 mrad at the target position.
The primary ion source used was a duoplasmatron
fed with a mixture of 90% He and 10% H,. Some
measurements also utilized an rf source. The
targets were mounted on a movable rack holding
seven self-supporting carbon foils about 100 A
thick (the actual individual foil thicknesses were
determined by a-particle energy-loss techniques).
To prevent the buildup of carbon on the foils during
irradiation they were heated continuously at 150 °C
and surrounded by a liquid-nitrogen-cooled copper
cold shield containing small holes for the entrance
of the beam and for the exit of particles to be de-
tected. The base vacuum in the target chamber
was 10”7 Torr.

A set of “predeflector” plates permitted elec-
trostatic deflection of the beam incident on the
target. Similarly, a set of “postdeflectors” was
used to deflect charged particles emerging from
the target. These deflectors were calibrated by
measuring the deflection of the beam spot several
meters downstream (with no target) for various
deflector voltages. The pre- and postdeflectors
were used in combination to avoid detecting parti-
cles that arose from spurious incident beams (e.g.,
fragments arising from dissociation of the pri-
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FIG. 1. Schematic diagram of the experimental arrangement used for solid targets.

mary beam along the long flight path between the
beam collimators).

A 25° electrostatic analyzer having a relative
energy resolution of 6x 10™* (FWHM) was located
several meters downstream from the target. The
analyzer could hold up to 40 kV across its 2.5-mm
gap. This permitted it to be used for particles
with energies up to 4.5 MeV per unit charge. An
aperture placed ahead of the analyzer accepted a
1-mm-diameter group of trajectories originating
at the target position. To permit certain classes
of measurements on neutral fragments the en-
trance axis of the analyzer was offset horizontally
by 2 mrad from the direction defined by the colli-
mators for the incident beam. [Neutrals were de-
tected by applying a high field across the hori-
zontal, or “X”, postdeflectors to remove charged
fragments and then by stripping the neutrals atothe
analyzer entrance aperture using a thin (~100-A)
carbon foil insertable for that purpose.] A silicon
surface-barrier detector counted particles emer-
ging from the exit slit of the analyzer. Count
rates up to a maximum of 20 000/s were employed.
The energy-resolving capability of the silicon de-
tector was useful in ensuring that the desired frag-
ments were indeed the ones being counted.

To avoid the influence of the earth’s and other
stray magnetic fields on the particle trajectories,
it was necessary to shield magnetically (with mu
metal) the several-meters-long flight paths tra-
versed by the incident beam and by the exciting
fragments.

Distributions in energy and angle were made for
particles emerging from the target by varying the
voltages on the horizontal predeflectors and/or
postdeflectors in conjunction with that on the
electrostatic analyzer. (The vertical, or “Y”,
deflectors were normally used only for “trimming
purposes.) With the arrangement of collimating
apertures indicated in Fig. 1, the overall angular
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resolution was 0.3 mrad (FWHM), and the beam-
spot size at the target was 1 mm. The deflector
and analyzer voltages were set and read out by an
on-line PDP-11/45 computer system that con-
trolled modules in a CAMAC crate via a serial
data highway. -In addition to its other monitoring
and control functions, the computer also positioned
(horizontally) the target rack with an accuracy of
+0.1 mm. This permitted the automatic changing
of targets and the adjustment of the target position
needed in conjunction with use of the X predeflector
to maintain the position of the beam spot on the
target.

Monitoring of the incident-beam current was
achieved with a rotating chopper which intercepted
the beam about 50% of the time. Particles scat-
tered from the chopper were counted in a silicon
surface-barrier detector. The absolute efficiency
of this device could be determined when necessary
by calibration, using an insertable Faraday cup
and a beam-current integrator. Beam currents of
about 1 nA were typical during these experiments.

The target thickness (and also the composition
of both beam and target) was monitored with
another silicon detector counting particles scat-
tered or knocked out of the target at 45° to the
beam direction. It was usually found that the
amount of carbon in a virgin carbon-foil target
would decline by about 20% over the first few
minutes of irradiation with the beam and would
then stay constant for a week or more.

B. Gas targets

The arrangement used for measurements with
gas targets was similar to that described above
except that the foil rack and cold shield were re-
placed by a differentially pumped 10-cm-long gas
cell, the design of which is indicated schematically
in Fig. 2. The axis of this cell was offset hori-
zontally by 10 mrad, relative to the direction de-
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FIG. 2. Schematic diagram of the differentially pumped
gas target.

fined by the beam collimators. The incident beam
was therefore always given a corresponding X
predeflection to bring it into the cell. The en-
trance aperture to the cell was 2 mm in diameter,
and the exit aperture was a horizontal slit 2 mm
high by 6 mm wide. The pressure in the cell,
which was measured with a capacitance mano-
meter, could be varied from the base pressure

of the scattering chamber (~10"7 Torr) up to~ 500
mTorr. At a cell pressure of 500 mTorr, the
pressure in the scattering chamber rose to ~107°
Torr.

III. EXPERIMENTAL RESULTS
A. Foil targets

Joint energy-angle distributions for protons
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arising from the foil-induced dissociation of MeV
beams of H," and HeH" have been the topic of
several recent investigations (see Refs. 6, 8, and
12-15 for H,"; Refs. 6-8, 11, 12, and 14 for
HeH*). In this article we therefore restrict our-
selves to showing just one such distribution for
each molecular ion (see Figs. 3 and 4). The most
obvious feature to be noted in these distributions
is that they are “ring patterns,” as is to be ex-
pected on the basis of a simple Coulomb explosion
picture of the dissociation process. The diameter
of the ring is determined primarily by the bond
length in the projectile. The width of the “rim”

of the ring reflects the range of internuclear dis-
tances present in the projectiles as they enter the
target. Wake effects manifest themselves through
slight distortions of the ring. The ring is thereby
stretched along the energy axis and contracted
along the angle axis. The stretching along the
energy axis is actually the result of two effects—
a contraction of the energy shift on the high-energy
side coupled with a (larger) stretching of the ener-
gy shift on the low-energy side. This asymmetry
along the energy axis is further accentuated by the
pronounced increase in proton intensity on the
low-energy side of the ring as compared with the
smaller increase on the high-energy side. For
more detailed discussions of all of these effects
the reader is referred to the other work noted
above. In particular, the influence of wake effects
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is treated more fully in Ref. 7.

Most of our data on the fragments arising from
molecular-ion dissociation take the form of mea-
surements either of a complete ring pattern or of
a “cross” [i.e., an energy distribution for zero
angle shift together with an angle distribution for
zero energy shift (allowing for the usually trivially
small energy loss due to the stopping power of the
target)]. A cross thus represents the two distri-
butions obtained by cuts along the energy and angle
axes of the ring pattern. In Figs. 3 and 4 we show
both rings and crosses.

In the crosses of Figs. 3 and 4 one notes (on an
expanded scale) the presence of a “central peak.”
This narrow peak which has been observed pre-
viously®!"16 in the case of foil-induced dissociation
corresponds to protons emerging from the target
with a velocity essentially unshifted from that of
the incident beam. The width of the peak is slightly
larger than the experimental resolution in energy
and angle. We return in more detail to the origin
and significance of this peak in following sections.

B. Gas targets

To the best of our knowledge there have been no
previously reported measurements of the joint
energy and angle distributions for fragments from
fast (MeV) molecular ions dissociating in a gas.
For this reason we give more emphasis in this
article to results obtained for gas targets than to
those for foil targets.

We have measured crosses and (less frequently)
ring patterns for 1.2-MeV H," and 3.0-MeV HeH"
projectiles dissociating in a variety of target gases
(H,, He, N,, Ar, CO,, Xe, and SF,) for pressures
in the range 1-500 mTorr.

Our first observation was that the shapes of the
distributions when measured at low target-gas
pressures (single collision regime)' did not display
any marked dependence on the species of the target
gas. [We had anticipated that, as one progressed
to targets containing large numbers of electrons
(e.g., Xe and SF,), some effects characteristic of
those for solid targets might be encountered. ]

Next we note that for crosses measured at low
target pressures, the shapes of the energy and
angle distributions are almost identical. Further-
more, they are symmetric—there is no evidence
of any wake effect. As the target-gas pressure is
raised (see Fig. 5), the shapes of the distributions
begin to differ. At the highest pressures the angle
distributions lose their fine structure, while the
energy distributions retain theirs. This “washing
out” of structure in the angle dimension is not
simply due to the increase in multiple scattering
[e.g., for the case of 163 mTorr of Ar shown in
Fig. 5, the multiple scattering of 600-keV protons
is calculated to contribute a “smearing” of ~1.6
mrad (FWHM)]. Rather, it is probably an instru-
mental effect caused by interactions with gas that
leaks into the deflector plate gaps at these high
pressures. The energy spectra are not affected
by this.

The distributions are dominated by a central °
peak, whose width when measured at low target
pressures is about 1-2 times the experimental
resolution. The width is slightly less for light
target gases (e.g., He) and slightly more for
heavy target gases (e.g., Ar).

At a given target-gas pressure, a measure of
the yield for one dissociation fragment can be ob-
tained from a distribution in either energy or angle
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by evaluating
Y= (k=F)N,, )
¥

where N, is the kth element of the distribution
and % is the mean value of k. The reasons for this
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choice of an expression for the yield are elucidated
in Sec. IVC. Yields evaluated from both energy
and angle spectra agreed to <0.5%.

Figure 6 shows some results for protons from
1.2-MeV H,' dissociating in argon. The solid
curve in Fig. 6 shows a fit to the data points with
a function of the form

Y(p)=Y,[1 —exp(-p/p,)], (2)

where p is the gas pressure. From the pressure
p, thus obtained, one can evaluate the mean free
path and a corresponding total dissociation cross
section. For the data shown in Fig. 6, p,=37+15
mTorr, and the dissociation cross section is o)
=(0.8+0.3) X 107'6 cm?,

For the case of 3.0-MeV HeH"* we have measured
distributions for H*, He* and He®*' fragments.
Figures T7(a)-T(c) show crosses for these fragments
emerging from Ar at ~15 mTorr. Again the dis-
tributions exhibit pronounced central peaks. In the
H* distribution, the peaks on either side of the
central peak result from dissociation leading to
H*+He'. The small number of counts seen outside
of these peaks are due to dissociation leading to
H*+He*. Clearly the second of these two dis-
sociation modes is much less probable than the
first. Table I gives the peak separations expected
for a simple, pure Coulomb explosion of point
charges; such a model is unrealistically simple,
but is a guide to classifying the peaks observed.
The He' distributions show a central peak and just
one set of side peaks. The side peaks correspond
closely to those expected for dissociations leading
to H' + He'. Somewhat surprisingly, the He®* dis-
tributions exhibit the same three peaks as the He*
distribution (with the same separations) together
with a rather weak contribution from another pair
of peaks corresponding to dissociations giving
H*+He*. The relative intensity of this latter pair
of peaks decreases as the target-gas pressure
increases. For example, at low pressures in
SF, [see Fig. 7(d)] the five individual peaks can be
seen quite clearly, while only the three inner peaks
are visible at a higher pressure [see Fig. 7(e)].
Thus all of the evidence points to the H* + He* mode

TABLE I. Classical estimates of the “ring” diameters
AE (keV) and A9 (mrad), when an energy Z,Z, e®/, is
liberated in the c.m. system of an incident 3.0-MeV HeH*
ion having 7,=0.77 A.

Outgoing AE (keV) A6 (mrad)

fragment Z,Z,= 1 2 1 2
H 12 17 10 14
He 12 17 2.5 3.5
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FIG. 8. Pressure dependence of the yield of H, He*,
and He?* from the dissociation of 3.0-MeV HeH" in Ar.
The curves are least-squares fits to the data points.

as being much more probable than the direct H'
+He® dissociation mode. The majority of the de-
tected He® ions evidently come from He* ions that
later lose an electron in another gas collision.
Figure 8 shows data on the pressure dependence
of the yields for the fragments H*, He*, and He*,
along with fits to the data suggested by this simple
model for H*, He*, and He®* production.

From data such as those given in Figs. 6 and 8,
we can extract dissociation cross sections. The
results for Ar are given in Table II, along with

TABLE II. Estimated cross sections (;\Z/molecule) for
the dissociation of H,* and HeH* incident on various gas
targets at 600 keV/amu. Overall experimental uncer-
tainties are typically +40%.

Target H,*—H* HeH*— H*
He 0.16 0.5
Ar 0.8 1.8
Xe 1.7 cee
H, 0.19 .
N, 1.6 1.9
Co, 1.4 e

SF, 1.4
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estimates of the dissociation cross sections in a
number of other gases. The latter estimates are
based on measurements of the relative yields from
each gas and on the assumption that the branching
ratios for the various dissociation modes are in-
dependent of the target-gas species. As the aim
here was merely to define that range of pressures
for each gas which would assure single-collision
conditions, no attempt was made to measure these
dissociaton cross sections to a greater accuracy.

The values given in Table II are consistent with
cross sections determined by previous workers'”!®
and are roughly on the order of atomic geometric
cross sections, as one might expect.?

Curves such as those of Figs. 6 and 8 clearly
indicate a transition from a low-pressure regime
where single collisions dominate to a regime where
multiple collisions occur. Since single collisions
are the fundamental phenomena of physical interest,-
we restrict ourselves in the remainder of this

2000
HeH* on He
1600
1200
ﬁ) FIG. 10. (a) Ring pattern
= and (b), (c) cross for pro-
8 tons from the dissociation
© 800l of 3.0-MeV HeH' in He at
9.5 mTorr pressure.
(b)
400
o 2 . N adals S e, : gt
591.5 595.5 600.0 604.5 -3 o] 3 6
PROTON ENERGY (keV) PROTON ANGLE (mrad)



842 E. P. KANTER et al. 20

article to discussion of the low-pressure (single-
collision) regime.

Figures 9 and 10 show complete ring patterns
for protons from 1.2-MeV H,' and 3.0-MeV HeH"
dissociating in argon and helium, respectively.
One sees very clearly the dominant central peak
and the overall symmetry of the distributions. It
is worth remarking that the amount of “fill” inside
the ring obtained with H," is much larger than that
for HeH" projectiles. (The space between the ring
and the central peak in Fig. 10 is almost empty in
the case of HeH".)

1IV. ANALYSIS AND DISCUSSION
A. Laboratory to center-of-mass transformation

An understanding of the transformation from the
laboratory (LAB) frame to the rest frame of the
projectile (hereafter referred to as the c.m.
frame) is of crucial importance in interpreting the
results of these experiments. In the LAB frame
a typical measurement consists of determining the
yield of a dissociation fragment as a function both
of its angular shift (6, or, equivalently, 6,) from
the direction of the incident beam (z direction) and
of its energy shift (AE) from the value E = 3m,V}
corresponding to the fragment’s share of the pro-
jectile’s kinetic energy (m; is the fragment’s
mass, and V, is the beam velocity).

Figure 11 illustrates how these LAB variables
are related to the asymptotic c.m. velocity v ac-
quired by a fragment following the dissociation of
a projectile. Since the momentum transfer is very
small in most of the collisions leading to disso-
ciation at these incident energies, we assume here
that the projectile c.m. is undeflected in the colli-
sions. If V= VO +V is the asymptotic LAB velocity
of the fragment, then, for v <V,

FIG. 11, Kinematical relationships between the param-
eters (E, ) measured for the outgoing molecular-ion
fragment of mass m and its velocity v in the center of
mass (c.m.) system moving along with the incident ion.

6,=v,/Vy, 6,=0,/V,, (3a)

AE =3m (V2= Vi) =mu,V,, (3b)
and

AE/E =20,/V,. (3c)

The approximation in Eq. (3b) amounts to ignoring
terms with relative magnitude ~v/V, (typically,
v/Vy=5X 10" for the cases considered here).

The (LAB) volume element in (6,, 6,, AE/E)
space is then
T=66,50,6(AE/E)=2V3*60,60v,00,. (4)

That is, this LAB volume element is directly pro-
portional to the volume element in c.m. velocity
space. This simple and convenient relationship is
a consequence of the small magnitude of v/V,; the
vector V is almost parallel to ,\7'0 (see Fig. 11),
and so the transformation between LAB and c.m.
frames, which in velocity space is a simple dis-
placement of the origin by V,, also amounts (to a
good approximation) to a linear transformation
between the LAB (6,, 6,, AE/E) frame and the c.m.
velocity frame.

In the limit, our ability to resolve small diffe-
rences between fragment velocities in the c.m. is
governed by the experimental angular and energy
resolutions

66, =0606,=3x10™ (5a)
and
5(AE/E)=8E/E=6x10"*, . (5b)

Combining Egs. (3) and (5), it can be seen that the
three c.m. velocity components are all measured
with the same (FWHM) accuracy:

dv, = 6v, = 6v,=3 X 107V, . (6)

B. Central peaks

Central peaks are observed as dominant fea-
tures in the ring patterns recorded for gas targets.
Although very much less pronounced, central peaks
are also observed for H," and HeH" dissociating
in the thinnest (~100 A) foil targets; these peaks
disappear rapidly as the foil thickness is increased.

The presence of a central peak implies the pro-
duction of fragments whose c.m. velocities are near
zero. If all of the c.m. velocity components for a
given fragment are less than half the value deter-
mined by Eq. (6), then that fragment will not suffer
a shift in angle or in energy that is detectable with-
in the resolution of our apparatus. [The factor of
5 arises because Eq. (6) gives the FWHM.] For
projectile velocities corresponding to 600 keV per
nucleon, these considerations indicate that any
fragment produced with less than 0.014 eV in the
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c.m. frame will be counted in our apparatus as
unshifted in angle and energy (i.e., will contribute
to the central peak), regardless of the orientation
of the incident projectile. Although relatively few
dissociations can be expected to produce fragments
with c.m. energies as low as this, when such frag-
ments do arise they contribute to the central peak
for all projectile orientations. This results in the
central peak being greatly enhanced in the observed
ring patterns. ‘

In our data the central peaks occur with widths
between one and two times the experimental resolu-
tion. They therefore correspond to fragments
whose asymptotic c.m. kinetic energies are less
than about 0.05 eV. For initially stationary bare
nuclei, these low energies would imply starting
internuclear separations well in excess of 100 A.
Clearly then, in order to account for the existence
of fragments with such low c.m. energies, and
with the assumption of physically reasonable initial
internuclear separations, the effects of electronic
screening must be considered. Those dissociations
that result in charged fragments being produced
a few angstrom apart are unlikely to contribute to
the central peak. The central peak must arise
predominantly from those dissociation modes that
result in the production of one neutral fragment
and one charged fragment; hence, we must con-
sider electronic excitation. As one readily infers
from an examination of the potential curves shown
in Fig. 12, the central peak must receive its main
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FIG. 12. Interaction potentials for various low-lying
electronic states of Hy, H,*,HeH*, and HeH%,

contributions from those dissociations of elec-
tronically excited molecular states in which the
initial internuclear separations are relatively
large (i.e., for the states shown in Fig. 12 greater
than, say, about 2.5 Ain H," and about 1.5 Ain
HeH*). We note too that in considering dissocia-
tions liberating c.m. energies on the order of 0.1
eV or less, it is obviously no longer valid to ignore
the initial momenta that the fragments have, owing
to molecular vibrations and rotations.

In their studies of the collisional dissociation of
H," beams at 10 and 50-150 keV in various gases,
Valckx and Verveer, '° and Caudano and Delfosse®
have observed pronounced central peaks which they
attribute to vibrational excitation of the projectiles
into low-lying continuum states with energies bare-
ly in excess of the asymptotic energy for the lso,
and 2po, states of H,'. We do not believe this
mechanism to be responsible for the central peaks
that we observe, first because the relative pro-
bability of vibrational excitation is expected® to be
very small (~1%) and second because our resolu-
tion restricts the required c.m. dissociation ener-
gies into such a narrow range (<0.1 eV). In this
respect we find our view in accord with that ex-
pressed by Gibson and Los, 21 who also observed
a strong central peak in their work on the disso-
ciation of 10-keV H," in gases and explained it as
arising from electronic excitation of those H," ions
having large internuclear separations at the mo-
ment of impact.

It is interesting to note that while our central
peaks have widths about equal to those expected
from our experimental resolution, similarly high-
resolution work at bombarding energies of about
10 keV (see Ref. 4 for a review) finds central peaks
with widths many times the resolution width. The
low-energy work also finds fine structure in the
neighborhood of the central peak. These differences
between observations made at about 10 keV and
ours made at a few MeV can primarily be attri-
buted to the fact that the low-energy experiments
are sensitive to the detection of incident molecular
ions undergoing unimolecular rotational predis-
sociation during their relatively long (~1 usec)

‘dwell time in the target-gas cell, whereas our

dwell times are more than a factor of 10 shorter.
The rotationally predissociative states observed
and accounted for*?*"?% in the low-energy work
have lifetimes ~1 usec, i.e., comparable with the
flight time to the target and with the dwell time in
the target. Our short dwell time makes it impro-
bable that we will observe states with lifetimes
~1 psec. Furthermore, shorter lifetime states
will not survive to reach our target (our flight time
from ion source to target is estimated to be ~1
wsec).
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We believe that the small central peak observed
in our foil data arises from incident projectiles
having large internuclear separations. Inside the
target the binding electrons are stripped off, but
the Coulomb explosion develops only weakly, if
at all, during passage through the foil because of
the effects of inertia and of screening due to the
electrons in the solid. After exiting from the foil
the fragments mostly remain stripped and the full
Coulomb explosion develops. There is, however,
a small chance of electron capture by one of the
fragments at the exit surface of the foil. This then
precludes a Coulomb explosion, and the charged
fragment thus contributes to the central peak ob-
served in the ring pattern. This explanation is
consistent with the observed®!':!¢ increase of the
relative intensity in the central peak as one goes
to thinner foils (less Coulomb explosion inside the
foil) and to lower energies (decreased screening
lengths inside the foil and increased electron-cap-
ture cross sections for the fragments leaving the
foil).

C. Reflection method

We discuss now the manner in which we relate
our experimentally observed distributions (rings
and crosses) to the distribution of initial inter-
nuclear separations D(r) and to the molecular po-
tentials U (») that govern the various dissociation
modes. The main part of the procedure we use
is sometimes referred to as the reflection method
(see, for example, Ref. 1).

We assume that in a dissociative collision the
molecular projectile makes a sudden electronic
rearrangement while leaving its nuclear constit-
uents unperturbed. That is, we consider the pro-
jectile as undergoing a sudden vertical transition
(see Fig. 12) up to some excited electronic state
which then dissociates, liberating a total c.m.
kinetic energy of U() — U(x), Where U(r) is the
potential energy at an internuclear separation »
for the particular electronic state involved. The
relation

v=(1/m){2u[U@) -U@)]}/2, (7)

where p is the reduced mass of the projectile, then
serves as a mapping function relating the c.m.
velocity of a fragment to the potential and to the
initial internuclear separation. Figure 13 shows
plots of some of the curves for the dissociation
energies U(r) — U(w).

If we now further assume that the cross section
for the electronic excitation is independent of the
spatial orientation of the projectile and also inde-
pendent of its internuclear spacing, then we can
readily derive the relationship béetween the dis-
tribution functions for » and 7.
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FIG. 13. Interaction potentials used in fitting the c.m.
velocity distributions of H* from (a) H,* and (b) HeH",

dr

G)= (4ﬂ02)-1D(T)35’

(8)
where v and 7 are related via Eq. (7), and the dis-
tribution functions are normalized by

me(V)dr:I 9)
and

41rf Glw?dv=1. (10)
o .
The above assumptions are expected to be more
valid for the higher excitations which involve
energy transfers much larger than the electronic
kinetic energy in the ground state. The validity of
these assumptions is discussed in terms of our
data in Sec. IVE.

Another way of viewing Eq. (8) is simply to note
that for fragments whose c.m. velocities are
greater than the limits imposed by our resolution
[Eq. (6)], the contribution of a given 7 value to our
measured distributions is spread out over the
phase space 4mv®dv. It is this 1/2? weighting of the
measured distributions that required the unweight-
ing procedure described in Eq. (1) of Sec. IIL



The reflection method is expected to be valid only
for strictly monotonic potentials where U(r) >U ()
and therefore fails for values of » corresponding
to a potential minimum. This limitation is taken
into account in our fitting procedures described in
the next sections. For a detailed discussion of the
validity and limitations of the reflection method,
see Ref. 3.

D. Distribution of initial internuclear separations

Previous studies™®!! of the foil-induced dis-
sociation of MeV beams of H," and HeH"* have
demonstrated that the observed ring patterns can
be quantitatively well understood if one assumes
that the projectile’s binding electrons are totally
stripped off at the instant of entrance into the foil
target. The motion inside the foil is then treated
as a Coulomb explosion with perturbing effects
due to wake forces and multiple scattering. This
suggested to us that our data on foil dissociation
could be used to determine D(r), the distribution
of internuclear separations in the incident pro-
jectiles. The function D(») so obtained can then be
used in the analysis of the gas-target data to find
out which excited electronic states are involved.

Calculations” on the influence of wake forces
have shown that they modify the Coulomb explosion
least when the projectile’s internuclear vector is
perpendicular to the beam direction. For instance,
for 3-MeV Hz" incident upon a 160-A carbon foil
these calculations show that the spacings and peak
widths in the angular part of a “cross” are modified
by less than 0.5% by wake forces. In the remainder
of this section, we therefore restrict our discus-
sion to the angular part of the crosses and we ne-
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-FIG. 14. Distribution function for outgoing H* from the
dissociation of 3.0-MeV H,* in a 172-A-thick carbon
foil. The points are the data, transformed to c.m. ve-
locity from LAB angular distribution at zero energy
shift. The solid curve results from the deconvolution of
multiple scattering from these data, as discussed in the
Appendix.
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glect wake effects.
In order to extract a D(r) distribution from an
angular distribution one needs to deconvolute the

PROBABILITY (&)

I 2 3 4 5
INTERNUCLEAR SEPARATION (R)

FIG. 15. Radial distribution functions for incident
3.0-MeV H,* ions. The solid curve in (a), (b), and (c)
is obtained from the deconvoluted angular distribution
given in Fig. 14, In (a), the dashed curve is the radial
distribution based on the vibration state distribution de-
rived by von Busch and Dunn (Ref. 26) from the ionization
of the ground-vibrational state of H,; the chained curve is
a similar result based on Itikawa’s calculations (Ref. 27);
the dotted curve is the distribution for the ground-vibra-
tional state of H,* only. In (b), the dotted curve is the
radial distribution resulting from ionization of the first
excited-vibrational state in H,, as calculated by von
Busch and Dunn, while the dashed curve represents a
best fit to our data using a linear combination of the dis-
tributions originating from the two lowest-lying vibra-
tional states in H,. The dotted curve in (c) is a best fit
to our data using a linear combination of all 19 vibration-
al states of the ground-electronic state of Hy".



846 E. P. KANTER er al. 20

non-negligible effects of multiple scattering and
(to a lesser extent) of the experimental angular
resolution. The deconvolution procedure that we
have used for this is described in the Appendix.
Figure 14 shows the result of this unfolding pro-
cedure for the case of a H," beam. [The abscissa
in Fig. 14 has been converted from an angle scale
to a c.m. velocity scale by means of Eq. (3a).]
Because the functional form used for the multiple-
scattering distribution has a long tail, there is a
region corresponding to high c.m. velocities (near
the extreme wings of the data) where the decon-
volution is not valid. This translates into a cutoff
at small internuclear separations (at about »

=0.5 A) in the derived distribution D ().

In this manner, and using a pure Coulomb po-
tential in Eq. (7), we have derived the distributions
shown in Figs. 15 and 16 for D(») in H,* and HeH",
respectively. Also shown in each figure is the
calculated distribution for the vibrational and elec-
tronic ground state. For H,*, where it was
thought to be reasonable to assume that the mole-
cular ion is formed by direct ionization of H,, we
show additional distributions D(») calculated on the
basis of H," vibrational populations given by (i) the
(approximate) Franck-Condon factors of von Busch
and Dunn, ?° (ii) the parameters of Itikawa?’ (these
are parameters used in a computation that gives
excellent agreement with the observed®® photo-
electron intensities from H,), and (iii) a mixture of

HeH*
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FIG. 16. Radial distribution function for incident 3.63-
MeV HeH* ions. The points are derived from the data.
The solid curve is the best fit to the data, obtained by
adjusting the fractional contribution of each of the nine
vibrational levels of the electronic ground state. The
chained curve is the distribution for the ground-vibra-
tional state only.

H," level populations obtained, assuming the initial
H, to be 58% in the ground state and 42% in the
first excited vibrational state, using Itikawa’s and
von Busch and Dunn’s population parameters, re-
spectively.

The derived distributions D(») show the most
probable values of # to be 1.17 A for H," and 0.80 A
for HeH'. These may be compared with values of
1.08 and 0.79 A obtained for the ground states alone
in H,” and HeH"*, respectively. For HeH" the de-
rived D(r) is about 1.5 times wider than expected
from the ground state alone. This fact, together
with the small overall shift of the distribution to-
wards higher » values, indicates that most of the
HeH" ions are incident in the ground vibrational
state with a relatively small fraction in the first
one or two vibrationally excited states. Specifi-
cally, we find that the four lowest-lying vibrational
states of HeH* represent 53%, 22%, 11%, and 6%,
respectively, of the incident beam. For H,", on
the other hand, excited vibrational levels are
clearly much more involved, although the popula-
tion of these higher vibrational levels is signifi-
cantly less than has been assumed by other au-
thors®-3! in analyzing Coulomb explosion experi-
ments. Table III presents the distribution of inci-
dent vibrational states derived from our data and
compares our results with those of von Busch and
Dunn, ®® which are typical of those assumed by pre-

TABLE III. Distribution of vibrational levels of H,*,
expressed as a percentage of the total incident beam,
obtained from fitting our measured radial distribution
(the solid curves in Fig. 15). For comparison, a distri-
bution (Ref. 26) representative of those assumed by other
authors (Refs. 29-31) is also given.

v This work Reference 26
0 19.2 11.7
1 15.5 18.7
2 12.1 18.6
3 9.7 15.0
4 7.7 12.3
5 6.3 7.4
6 5.1 5.1
7 4.2 3.7
8 3.4 2.4
9 2.9 1.6
10 2.2 1.2
11 1.8 0.81
12 1.4 0.56
13 1.5 0.37
14 1.2 0.25
15 1.1 0.17
16 0.41 0.11
17 0.21 0.06
18 4.3 0.01
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vious authors.

We believe that the factors most likely responsi-
ble for the deviation of our derived D(r) for H,'
from a Franck-Condon-like distribution?® are first
the fact that in the ion source the initial H, is not
always in its ground state and second the fact that
the higher vibrational states of H," are depleted
either in the high-pressure ion-source region or
in the accelerator and flight tube en route to the
target. In the ion source, the high vibrational
states may be preferentially collisionally deexcit-
ed, and en route to the target the now swift ions
may have their high vibrational states preferen-
tially dissociated by collisions with residual gas
in the vacuum system. We have noted that the re-
sults we obtain are not observably dependent upon
the ion-source parameters that are presently at
our disposal to vary. In addition, autoionization
of high Rydberg states and rotational effects may
play a role in the ion source.?®

Attempts to fit vibrational state populations to
our measured radial distributions [Figs. 15(c) and
16] are only moderately successful. It is worth
-noting that our derived distributions can be ex-
pected to be in error for internuclear separations
that are large compared with the characteristic
electronic screening distance for fast ions tra-
versing carbon. Assuming this distance to be a
= Vo/wp, where w, is the volume plasma frequency
of carbon, we obtain a= 4.3 and 3.0 A for 3.0-
MeV H," and 3.63-MeV HeH®*, respectively. We
have not made any correction for screening effects
in our derivation of D(r) (such effects would pro-
duce a very slight shift to a lower 7). A possible
explanation for our failure to obtain a better fit
to a vibrational population may be the presence
in the incident beam of bound H," molecules in
higher electronic states. This would produce a
shift toward somewhat larger internuclear separa-
tions.

E. Analysis of results for gas targets

Using the distributions D(r) derived from the
foil data, we have made similar analyses of the
gas data, postulating as dissociative potentials
the various U(r) shown in Fig. 12. For these data,
no effects due to wake forces or multiple scatter-
ing needed to be taken into account.

It was found that no single excited electronic
state is adequate to fit the observed velocity dis-
tributions. Thus, for example, states such as the
2pm, in H," give a fair description of the low-velo-
city part of the spectrum, but the high-velocity
part cannot be described without the inclusion of a
Coulomb contribution. In our analysis velocity
distributions were first calculated for each of the
potentials shown in Fig. 12. These were then

combined with weighting factors to obtain the best
fits to the data. The results of this fitting proce-
dure are shown in Figs. 17 and 18. Because of the
limitations of the reflection method in the tail re-
gions of the potentials (discussed in Sec. IVC), the
fitting was performed only for /¢ >0.5x10"%. The
same procedure was followed for both the longi-
tudinal velocity spectra (energy scans) and the
transverse velocity spectra (angular scans) and
yielded similar results.

For H," the best fit was obtained with a com-
bination of the 2pw, (10%) and the Coulomb (90%)
states. The 2po, contribution was found, within
fitting errors, to be zero for both orientations of
the projectile. The potential functions used in the
H," fit were taken from the tabulation of Sharp.??
For keV bombarding energies, the 2po, state plays
a dominant role, and it is somewhat surprising
that it makes no contribution in our experiments.
There is evidently a favoring of the more highly
excited states (including ionization) at the higher
energies involved in our work. It may also be that
the 2po, is artificially suppressed in our analysis
because of our underlying assumption that the ex-
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FIG. 17. Measured c.m. velocity distributions and
least-squares fits for outgoing H" from 1.2-MeV H,*
incident on Ar gas at a pressure of 9.8 mTorr. Only
data points shown as solid circles, corresponding to
(v/c) = 5%10™, were fitted.
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FIG. 18. Measured c.m. velocity distributions and
least-squares fits for outgoing H* from 3.0-MeV HeH*
incident on Ar gas at a pressure of 16.4 mTorr. Only
data points shown as solid circles, corresponding to
(v/c) =5%10™, were fitted.

citation cross section is independent of ». This
assumption is expected to be less valid for the
2po, than for higher states. Peek® has shown that
for high projectile energies the 2po, excitation
probability increases with increasing 7, thereby
emphasizing the low-velocity region where our
reflection-method calculation is least valid. Thus
our c.m. velocity distribution calculated for the
2po, state would be rejected in the fit because of
the overly emphasized high-velocity region. In
addition, the very large impact parameters needed
for such gentle excitations at these beam energies
(~4 A for 2po, excitation on Ar at 1.2 MeV) greatly
exceed the dimensions of atomic screening radii.
One might therefore expect that there should be a
preference for higher excitations.

Analysis of the HeH" distributions is more com-
plicated because there are more final states to be
considered for this two-electron system. The
lowest-lying excited electronic states of HeH" that
dissociate asymptotically into a proton and a neu-
tral helium atom are the 5%, and B'Y" states.
These are therefore the most natural states to try

for a fit to the low-velocity region of the proton
spectra from HeH*. However, the deep (several
eV) minima of these curves preclude calculations
with the reflection method. Hence, these potentials
were rejected in the fitting procedure. The best
fit-to the data was obtained with only three elec—
tronic states of the HeH?** system (the lso, 2po,
and 3do united atoms designations). The 1so and
3do states are repulsive and, at small separations,
quite similar to the pure Coulomb potentials of
He*+H"* and He* + H*, respectively. They are,
however, screened potentials and do not vary as
1/R at larger distances (see Fig. 13). The 2pc
state is partially attractive, having a slight po-
tential minimum at ~2-A separation. This attrac-

‘tion is caused by the polarization of the H(1ls) by

the field of the He** dissociation partner. The po-
tential functions for HeH* were taken from the
work of Michels, ** and Kolos and Peek, *° and for
the HeH** from the work of Bates and Carson.?®
Similar fits were obtained for the He* and He?®"
spectra, as well as for the protons.

The fits in Fig. 18 were relatively unaffected
by our choice of the 3do and 1so over bare Coulomb
potentials, since the contribution to the central
peak is minimal for each. The fits show that the
dissociation is dominated by the He*(1s)+ H* dis-
sociation channel (the 1so electronic state of the
united HeH**), in agreement with the observation
of Stearns et al.'” For the longitudinal (E) orienta-
tion, we find 68%, 10%, and 23% contributions for
dissociation through the 1so, 2po, and 3do chan-
nels, respectively. The transverse (6) orientation
gives 54%, 14%, and 32%, demonstrating the weak
orientation dependence of the excitation cross
sections. As the uncertainties associated with
fitting the individual spectra are at most a few
percent, the stated variation in these fractional
components from one orientation to the other is
representative of the overall uncertainty in the
relative contributions of the various dissociation
channels. .

The fits, though not as good as in the H," case,
do demonstrate the qualitative features of the
HeH" dissociation. As in the case of H,", there is
a preference for higher excitation and ionization
over more gentle collisions. Our neglect of the
two-electron system, as well as several other

" electronic states of HeH?*, could account for our

failure to explain the wide central peaks and de-
tailed structures that are observed in the data.

An alternative approach to these data is simply
to use an exponentially screened Coulomb potential
of the form

Ur)=(Z,Z,),.,(€%/7) exp(-r/a) (11)

to represent the interaction between the two frag-
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FIG. 19. Same data as in Fig. 18 (b), fitted with an
angular distribution calculated using a screened Coulomb
potential whose parameters were adjusted to fit the ratio
of central peak to outer peak intensity. Additional details
are discussed in the text.

ments, where a is a screening parameter to be
determined and (Z,Z2,),,, is a product effective
charge. While such a simple parametrization
clearly cannot duplicate the detailed structure
observed in spectra such as in Figs. 17 and 18,

it does help illustrate the important role of elec-
tronic screening in the occurrence of central peaks
in the data for solid targets. Such calculations do
give qualitative agreement with the data (see Fig.
19) with physically reasonable values for (Z,Z,),,,
and a. For the 3-MeV-HeH" gas data with (Z,Z,),,,
=1.8 and a=1.5 f\, the relative intensities of cen-

I.2MeV Hp*
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FIG. 20. Center-of-mass
angular distributions for
outgoing H* having various
c.m, velocities. These
curves are derived from the
data presented in Fig. 9 for
1.2-MeV H,* dissociating in
7.8-mTorr Ar.

1 7.33x10°

o (v,9) /T (V)
o

tral and outer peaks are well reproduced.

Finally, in this section we point to some aspects
of our data indicating that the cross sections for
electronic excitation do indeed display an orienta-
tion dependence, especially for large internuclear
separations. This is illustrated for the case of
H," in Fig. 20, where we show the relative yields
of protons as a function of the angular coordinate
on circular paths prescribed about the central peak
of the ring pattern of Fig. 9. Varying the position
on one of these circular paths is equivalent to
altering the polar angle (¢ in Fig. 11) between the
internuclear vector and the beam direction for a
fixed c.m. velocity v. One sees that for large v
(where the excitation is primarily to the fully
ionized state) the excitation probability is essen-
tially independent of orientation. But for small
v (excitation mainly to the 2pw, state) the excita-
tion probability is strongly peaked at 90° (trans-
verse orientation). This behavior is in harmony
with predictions based on the calculations of Peek®®
and the observations in several experiments at
bombarding energy® ~ 10 keV, although both the
calculations and the experiments at low energies
deal predominantly with the 2po, state in H,".
Similar behavior is seen in our data on HeH", as
is evident from a cursory glance at Figs. 10 and
18.

V. IMPLICATIONS

The existence of a strong central peak in the
c.m. velocity distribution of fragments from the
collision-induced dissociation of molecular ions in
gases offers some insight into a number of pheno-
mena associated with the passage of molecular ions
through solid targets. These include the existence
of central peaks in the velocity distribution of
dissociation fragments emerging from thin foil
targets, the transmission of molecular ions through
thin foils, ®37 and the observed velocity distribution
of neutral dissociation fragments.® !5

A. Central peaks seen with foil targets

Though not as prominent a feature of the c.m.
velocity spectra of dissociation fragments for
solid targets as for gas targets, central peaks
have been observed with foil targets for outgoing
H* from incident H," and HeH" (see Figs. 3 and
4) and for outgoing *He™ from incident ®He,” (see
Ref. 8). (There was, however, no central peak in
the case of outgoing *He* from incident *He," under
identical circumstances.) Fragments which fall
within such a central peak must have experienced
a very gentle Coulomb explosion while moving
through the solid foil, followed by the neutraliza-
tion of at least one of the emerging fragments on



850 E. P. KANTER ez al. 20

leaving the foil target.

The importance of electron capture for neutra-
lizing one of the outgoing fragments is well illus-
trated by the dissociation of *He,". With a decreas-
ed probability for capturing a sufficient number of
electrons at the rear surface of the target, the
magnitude of the central peak should be decreased.
This explains the absence of the central peak for
outgoing ®He*, though it is present for outgoing
3He*" (for incident *He,” on a thin carbon foil in
each case). In the former case only two electrons
need be captured during the brief transition from
the foil to the vacuum behind it, while three elec-
trons are required to produce *He®+°He" as the
two fragments.

In addition to requiring electron capture at the
exit, the presence of a central peak in the foil
measurements demonstrates that there is a finite
probability that a molecular cluster can traverse
a foil and impart only a negligible kinetic energy
to its fragments. For a given incident velocity one
expects this probability to be larger for thinner
targets, where the repulsive forces between the
fragments act for a shorter time. This is borne
out by our data, which exhibit central peaks only
for the thinnest of carbon foils.

Furthermore, only those incident molecular ions
contribute to the central peak which have an initial
internuclear separation larger than some critical
value. In the case of gas targets, this critical
separation was the effective range of the repulsive
force between the two dissociating fragments, at
least one of which was neutral. In the solid, both
fragments are charged as they move through the
foil and each experiences a relatively large Cou-
lomb repulsion. However, this repulsive force
acts only while the fragments are inside the foil
and is abruptly turned off if one of the fragments
is neutralized at the rear surface of the foil. Thus
it is the effective charge and the mass of the two
ions and their dwell time inside the foil which
determine this critical initial separation for solid
targets. For example, for 1.2-MeV H," incident
on a 100-A foil, all incident ions with an incident
internuclear separation greater than 2 A will pro-
duce protons having less than 0.053-eV c.m. Kine-
tic energy at the rear side of the target.

B. Molecular ion transmission

The existence of central peaks in gas target data
and in solid target data offers some insights into
the mechanisms by which molecular ions can tra-
verse thin solid foils and emerge intact, as has
recently been reported for a range of molecular
ions and targets.®3” Figure 21 presents some re-
presentative data for the fraction of HeH"* ions
transmitted through carbon foils.
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FIG. 21. Measured fraction T of HeH" ions transmitted
through carbon foils of various thicknesses.

The crux of the problem, in accounting for these
data, is to explain how the constituents of the inci-
dent ion can be stripped of their outer electrons
on entering the foil, undergo a Coulomb explosion
while traversing the foil, capture an appropriate
number of electrons at the rear surface of the foil,
and still have some fraction (10-*~10-!) not con-

~ tinue to dissociate owing to the relatively large

separation and excess kinetic energy which they
then possess. But these are exactly the issues
that were relevant to the observation of central
peaks for solid targets. Ions which enter the foil
with small internuclear separations will undergo
relatively violent Coulomb explosions during their
dwell time (~107'° g), inside the foil, converting
much of their electrostatic potential energy into
kinetic energy in the c.m. system. There are no
credible mechanisms for dissipating this kinetic
energy quickly enough (~107*° s) after the ion
leaves the foil to prevent these ions from dis-
sociating, even if they have captured sufficient
electrons on exiting from the foil.

On the other hand, ions which enter the foil with
larger internuclear separations (e.g., =2 A for
1.2-MeV H,*) will undergo much less violent Cou-
lomb explosions during the same dwell time in the
foil. The existence of incident ions having such
large internuclear separations is demonstrated by
the large central peaks in our gas data. The non-
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zero probability for capturing a sufficient number
of electrons at the rear surface of the foil is
demonstrated by the observed central peaks in
our solid target data. Furthermore, the relatively
small amount of kinetic energy released during
the Coulomb explosion of these ions will not cause
their dissociation, provided it is less than the dis-
sociation energy of the particular attractive state
of the molecular ion formed on leaving the foil.
These dissociation energies are typically 1-3 eV.
In fact, the relatively large internuclear separa-
tion and low c.m. kinetic energy of two such frag-
ments when they capture one or more binding
electrons at the rear side of the target foil may
allow the formation of long-range bound states
such as the 2pm, and 3do, states of H,". Such long-
range bound states of positive molecular ions
have been predicted®® but never directly observed.
Their preferential formation in beams of mole-
cular ions transmitted through solid targets is a
possibility we are currently investigating.

From this point of view, the formation of central
peaks in the c.m. velocity distribution of outgoing
fragments and the transmission of molecular ions
through thin foils merely represent two possible
outcomes of the same sequence of events, namely,
a gentle Coulomb explosion of the two fragments
inside the foil followed by an electron capture
while leaving the foil. Transmission occurs when
the electron capture produces a bound state of the
molecular ion; a fragment with a low c.m. kinetic
energy results from the formation of a short-range
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repulsive electronic state of the molecular ion.
Quantitative analysis of such transmission data
is beyond the scope of this paper and will be pu-
blished separately. However, two general features
of the data should be noted: (i) For all cases where
we observe central peaks in the energy distribu-
tion of one of the exploded fragments emerging
from a solid target, we find that there is also a
high yield for transmission of the molecular ion,
and (ii) we do not see transmission in any case in
which the incident ion does not contain either H or
He as a constituent, which again emphasizes the
importance of electron capture at the rear surface
of the foil. Higher charged ions must capture
a larger number of these electrons to form bound
molecular ions, thus greatly reducing the pro-
bability of recombination of the ion fragments
downstream of the target foils for incident ions
such as O," or CO".

C. Neutral fragments

We have also performed measurements on the
distribution of neutral fragments arising from
dissociations in solid targets. Representative ring
distributions for observed H° are shown in Fig.
22(a) for 3.0-MeV H," - H° and Fig. 22(b) for 3.63-
MeV HeH' - H°. There are several striking fea-
tures seen when comparing these two figures. -

The minimum on the high-energy side of the
HeH' —~ H° ring is apparently an orientation-depen-
dent electron-capture phenomenon which will be
discussed in a future publication. Even more con-
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FIG. 22. Ring patterns for (a) 3.0-MeV H,*—~H° in a 132-& carbon f6il and (b) 3.63-MeV HeH'—H° in a 144-A carbon

foil.
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spicuous, however, in the H," -~ H° data, is the
dominance of the central peak structure over the
ring corresponding to the fully exploded fragments.
(Similar data have recently been reported by
Gaillard et al.'®) The HeH* ~ H° structure does
show a very slight central peak, similar to the
HeH' - H" structure, which cannot be observed in
Fig. 22(b). This apparent difference between the
H,” and HeH" data is not so much a reflection of
different phenomena as it is a consequence of the
1/v? scaling of the distributions and the smaller
Coulomb energy of H,". When multiplied by »2,
both the H," and HeH" distributions are quite simi-
lar to one another and are consistent with the pic-
ture of a normal charged explosion in the foil, in-
cluding wake effects, that is truncated by electron
capture at exit. If bound neutral hydrogen atoms
exist while the protons move through the solid, as
has been recently suggested, '*3° such neutral
atoms represent a very small fraction of the H° that
are observed outside the foil. By integrating the
measured ring patterns in annular sections, we
consistently find the flux in the center to represent
<« 0.1% of the total intensity of these distributions.

D. Tandem accelerators

Finally, we note the important role of excited
electronic states in the stripping of heavy mole-
cular ions at the high-voltage terminals of tandem
accelerators. For a variety of heavy-ion beams
it has been necessary to accelerate negative mole-
cular ions because sufficient intensities of the de-
sired negative monatomic-ion beams are not ac-
 hievable. When passed through a foil stripper at
the terminal, these beams are severely degraded
in quality owing to the energy and angle spreads
introduced by the Coulomb explosion. As Middleton
has pointed out, * several groups have found that
this problem can be substantially reduced by pre-
ceding the foil stripper with a gas stripping stage.

From the foregoing discussion it is now
clear why this well-known “folklore” works. As
in our H," and HeH" gas experiments, the inter-
action of the heavy molecular ions with the strip-
per-gas atoms includes a significant fraction of
large impact-parameter collisions which excite
the electrons of the molecular ion to repulsive
states. Dissociation of these molecular ions pro-
duces many fragments of low relative velocity.
After these fragments travel a few microns, they
are separated by several hundred angstrom. Sub-
sequent stripping in a solid foil yields high charge
states without introducing any further energy or
angle spread.

E. Summary

We have examined the collision-induced disso-

ciation of MeV molecular-ion beams in gases and
have found that the excitation of repulsive elec-
tronic states can account for the c.m. velocity
spectra of the outgoing charged fragments. The
relation of these data to the transmission and frag-
mentation of molecular ions in foil targets has
been discussed. For foil targets all incident ions
experience a Coulomb explosion inside the solid.
Some fraction of the fragments emerging from the
foil captures one of more electrons, forming re-
pulsive or attractive molecular-ion states. Of
these, the fragments which had the largest inter-
nuclear separations on entering the target foil
produce outgoing fragments having low c.m. kinetic
energy (for repulsive electronic states) or trans--
mitted molecular ions (for attractive electronic
states). A quantitative test of this model is diffi-
cult with the present data because central peaks
are observed clearly only with the very thinnest
targets at short dwell times. Experiments are
under way in this laboratory to gather compre-
hensive data on the energy and target thickness
dependences of central peaks by measuring
charged-neutral coincidences.
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APPENDIX

The angular distributions of protons from H,'
and HeH" incident on thin carbon targets are modi-
fied by multiple scattering. The problem of re-
constructing an unmodified angular distribution,
given by the generalized vector g, from the mea-
sured distribution c is in princip_le just the math-
ematical problem of inverting the matrix equation

c=K-g, (A1)

where K is a matrix operator that represents the
response function of the measuring system.

In actual practice, the inversion of K is a diffi-
cult problem and has been discussed in detail by
Monahan.** The main difficulty arises from the
statistical nature of ¢ and K. As a result, small
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statistical errors in ¢ are amplified by the nearly
singular operator K-! so that the solution

g=K''¢ (A2)

is often completely meaningless. To circumvent

this difficulty, we have used an iterative technique

suggested in Ref. 41 to accomplish the unfolding.
We decompose K in the form

K=nl-B, (A3)

where I is the unit matrix and 7 is a scalar con-
stant. Substituting into Eq. (Al) and rearranging
‘give

=(1/nc+B-g). ' (A4)

This equation may be solved iteratively, yielding,
on the ith iteration,

g(i):(l/n)(£+3.g(i-1>)_ (AB)

By terminating the iteration process after a few
iterations (~ 10 in our case), spurious contribu-
tions associated with small eigenvalues are almost
completely eliminated. Those contributions begin
to appreciably affect the result only after many

853

iterations.
Our response operator K was taken to be a ma-
trix whose af element was given by:

2

K 8 = —"“"‘“O‘n"__ " (AG)
= (@ =ara) -

where 6, is the angle associated with channel o in
the fragment angular spectrum. The value of n
was selected to give smooth, monotonic tails in
each deconvoluted spectrum: For H,*, n=2; for
HeH'*, n=1.4.

For each value of n used, the value of the width
0, was adjusted to reproduce the expected FWHM
due to the combined effects of multiple scattering
and the experimental angular resolution, namely,
1.8 X 10" in units of v/c.

Because of the finite range of the data, the de-
convolution oscillates at large values of v/c after
only a few iterations. We therefore sacrifice our
knowledge of the spectrum at large v/c to deter-
mine more accurately the low-velocity region. As
a result, this procedure produces a cutoff in the
derived radial distributions for » < 0.5 A.
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