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Coulomb-exploded fragments of C3" 0="C,”, Cs~, C¢~, and NCO+*—, following strip-
ping of high-energy molecular ions in a thin carbon foil, were recorded, first in plastic sheet
detectors, and in later experiments with a new image-intensifying and digitizing system.
All of the ions studied in detail, C; and NCO™*"%~, appear to be formed in states of high
bending excitations perhaps close to the dissociation limit. The intranuclear separations for
the C; species were found to be siomilar to that of normal neutral Cs, 2.5(1) ;\; and for the

NCO species, rather small, 2.0(1) A.

I. INTRODUCTION

The experiments described here are an attempt to
gain structure information on a number of complex
molecular ions by observing the Coulomb explosion
of the molecular fragments produced when a beam
of high velocity molecular ions passes through a foil
and the molecules are stripped of electrons and
break up in the process. The method in general is
well documented and has been applied, for example,
to the study' of Hy*. A comprehensive review is
given by Gemmell et al.? The present work is con-
cerned in particular with positive, neutral, and neg-
ative forms of NCO, NCO*®~ and also of C;,
C;t%~. The C;~ ion is a member of a family of
molecular ions, C,~ with n ranging from 2 to at
least 12, which are copiously produced in sputter
ion sources. Very little is known about the struc-
ture of these ions or the excitation regime of ions
produced by the sputtering process. Other measure-
ments reported here concern the Coulomb explosion
of C4~, Cs—, and C¢~ ions and also the breakup of
4-MeV NCO™ ions by gas collisions into the dia-
tomic species NC*, CO*, and NO*.

Two new types of detectors for such measure-
ments were employed in this experiment: the first
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was a polycarbonate sheet treated, after exposure to
the incident ions, by electrochemical etching.® It
was shown during the present experiments that
these detectors are sensitive to C, N, and O ions at
energies well below 1 MeV and that Coulomb-
explosion images were clear and generally free of
obscuring background. The second detector was an
image-intensifier detection system* which allowed
acquisition of data of high quality and good statis-
tics. Even though this new technique provides data
of high quality and good statistics, the extent of in-
formation gained on molecular-structure details is
rather limited. All the ionic species studied appear
to be in geometrically similar configurations. They
can be interpreted as resulting from states of high
bending excitation close to the dissociation limit. In
this interpretation, the details of the molecular
structure are effectively masked by the excitation
pattern of the bending vibrational modes. Definite
information was derived on intranuclear separa-
tions: in both C; and NCO the separations were
found to be very similar for the different charge
states. For the C; species the intranuclear separa-
tion was found to be 2.5(1) A, close to the spectros-
copically measured separation of neutral Cs, and for
NCO the overall length was found to be rather
small, 2.0(1) A.

186



II. EXPERIMENTAL PROCEDURE

The injector MP tandem, which is the first ac-
celerator of the Brookhaven National Laboratory
three-stage Van de Graaff facility, is equipped with
a sputter ion source’® inside the high-voltage termi-
nal that provides negative ions for three-stage ac-
celeration. This source produces carbon-molecular
ions ranging from C,™ to C,™ as illustrated in Fig.
1 which shows the mass spectrum from the ion
source when it is being operated with a carbon cone.
The data shown were taken with an external source
similar to that used in the high-voltage terminal
and the negative carbon-molecular ions were identi-
fied by accelerating them through the tandem ac-
celerator and measuring the magnetic rigidity of the
resulting positive carbon ions.

In this experiment, the terminal sputter ion
source was used to provide accelerated C;~, C, 7,
Cs7, and C¢~ molecular ions from a carbon cone
and NCO™ molecular ions from a potassium
cyanate (KOCN) cone. These ions were then mag-
netically analyzed for proper mass identification
followed by “supercollimation”® as shown in Fig. 2.
The two adjustable apertures are followed by a per-
manent magnet and adjustable steering magnet that
provide a 5° deflection of the negative ions with the
same mass product as the 90° analyzing magnet.
This final deflection removes all of the negative
ions that have been slit or gas scattered because the
scattered ions are either neutral or positive, and
consequently, removed from the beam. Horizontal
and vertical cleanup slits adjusted to be close to but
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FIG. 1. Mass spectrum of negative ions produced by
a cesium sputter ion source operated with a carbon cone.
Numbers indicate the molecular mass of multiple carbon
ions which were positively identified.

not touching the supercollimated beam ensure an
extremely clean microbeam with sharp edges of a
size varying from 0.05 to 1.0 mm diameter, depend-
ing on the selected aperture settings. After the
beam is steered through the various apertures it is
decreased in intensity to a few thousand ions per
second as monitored by a solid-state detector. Final
steering adjustments are then made to ensure that
the beam is going through the center of a 1-ug/cm?
carbon stripping foil which is mounted on a 3-mm-
diam foil holder.

Once the final steering correction has been made,
the intensity is decreased to approximately 2—5
counts per second by decreasing the aperture sizes
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FIG. 2. Schematic layout of the experimental arrangement for supercollimation of the accelerated negative molecular
ions and the mechanical arrangement for exposing polycarbonate plastic sheets to the Coulomb-exploded ions. (See text

for details.)
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further and closing down the object slit of the 90°
analyzing magnet with all quadrupoles in the beam
transport turned off. In addition to attenuating the
beam, this procedure also enhances its optical quali-
ty. NCO*? and C;*° ions were produced by gas
exchange of the accelerated NCO™~ and C;~ ions ei-
ther in the gas-stripper canal of the tandem ac-
celerator or in the residual gas in the beam-
transport system after the switching magnet (vacu-
um 1076 to 10~ torr).

The Coulomb-exploded ions were first detected in
polycarbonate plastic sheets® of 0.037x3X5 cm?
and mounted as shown schematically in Fig. 2. The
target to detector distance varied between 2.5 and 7
cm. The holder was rotated back and forth and
raised and lowered manually. It was stepped verti-
cally 2 mm before each rotary scan which would
have resulted in a uniform exposure of 10—20
events per cm? if the beam current had been abso-
lutely stable. Unfortunately, beam-current fluctua-
tions caused frequent event clustering; however,
many single events were observed. After exposure,
the plates were developed by an electrochemical
etching technique® and a typical exposed plate is
shown in Fig. 3. A number of spots in each expo-
sure were artifacts of various kinds and could be el-

lcm

FIG. 3. Partially magnified electrochemically etched
polycarbonate foil after exposure to stripped 4.67-MeV
C;~ ions.

iminated by observation through a microscope with
a magnification of 100X. A small number of back-
ground spots persisted even at high magnification
and could conceivably give rise to artifact “mole-
cules” or correlated events. It was conservatively
estimated that the fraction of such unreal events is
at most 0.03.

Figures 4, 5, and 6 show examples of isolated
three, four, and five carbon events corresponding,
respectively, to C;~, C,~, and Cs~ ions of 4.67,
3.50, and 2.80 MeV. The energy of the carbon
atoms in the Cs~ exposure is 560 keV; the lowest
energy so far recorded by this method. The detec-
tion efficiency appears to be close to 100% even at
this low energy. The jagged-edge spots are charac-
teristic of heavy-ion tracks with this etching tech-
nique. A few events show all three atoms of the
C; ™ molecule closely spaced as shown in the lower
right-hand examples of Fig. 4. These events could
be due to molecular dissociation by collisions with
residual gas molecules in the transport system fol-
lowed by subsequent stripping in the carbon foil
with very little or no Coulomb-explosion effect.
Such events illustrate the excellent spatial resolution
of this detection method which is smaller than the
diameter of the spots.

Altogether, less than 100 events were identified
unambiguously and recorded with this etching
method for each species. The triatomic systems ap-
peared considerably more “triangular” than was ex-
pected for exploding rodlike structures, but the poor
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FIG. 4. Further magnification of selected C;~ molec-
ular explosion events at 4.67-MeV molecular-ion energy.
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FIG. 5. Selected C,~ molecular explosion events at
3.50-MeV molecular-ion energy.

statistical quality of the samples precluded any de-
finite conclusions. A new electronic system of
detection based on an image intensifier was there-
fore developed, and it was employed for obtaining
the data discussed subsequently in this paper.

The experimental requirement of detecting simul-
taneous multiple low-energy heavy ions from the
Coulomb explosion of accelerated molecules has led
to a detector* consisting of a thin monolayer phos-
phor coating with particle size approximately 1 u

oy .

o
X . "t; /
& S »
:‘ . e .
“ .l 3 2 & . v
e Y e

| mm
mra
FIG. 6. Selected Cs~ molecular explosion events at
2.80-MeV molecular-ion energy.

applied uniformly on the input fiber-optic plate of a
commercially available image intensifier. The phos-
phor particles scintillate when struck by atomic ions
formed by the breakup of molecular ions when
passed through a thin carbon foil. The faint scintil-
lations are amplified by the image intensifier whose
output is viewed by a television camera. The telev-
ision image is then digitized and the pixels contain-
ing useful information are stored for later analysis.

The experimental arrangement for the imaging of
Coulomb-explosion events is shown schematically
in Fig. 7. A 60-cm flight path provides an adequate
distance so that the spreading particles are con-
veniently separated when they impinge on the scin-
tillation screen. An alpha-particle source and sil-
icon detector can be inserted into the beam line for
test purposes. A calibration plate containing a
number of tiny apertures of known spacing can also
be inserted between the stripping foil and the scin-
tillation screen in order to provide an absolute cali-
bration of the angular spread of the Coulomb-
exploded molecular-ion components. A television
camera views the 25-mm-diameter output fiber-
optics plate with magnification arranged to fill
most of the vertical dimension of a conventional
television monitor. A small photomultiplier tube
adjacent to, and off axis from, the camera lens is
also exposed to the amplified scintillation light and
provides fast trigger signals that are used by the
logic of the television digitization system. A de-
tailed description of this detection system is given
in Ref. 4.

A commercially available television digitizing
system based on a Z80 microprocessor and provided
with a 64-K byte memory and two 8-in floppy disks
for system programs and data storage is used to di-
gitize the scintillation light images provided by the
television camera. The system digitizes the camera
video signal continuously and with the aid of the
photomultiplier trigger signals, selects and stores
Coulomb-explosion events of interest. When the
buffer store in memory is full, the data are
transferred onto a floppy disk which can later be
read into a file of an XDS Sigma 7 computer for
further analysis. The software is conveniently ar-
ranged to allow live monitoring of the events that
are being stored as well as step-by-step event con-
trol.

The computer program used to analyze the digi-
tized data checks each event to insure that it con-
sists of the correct number of scintillations of ap-
propriate size and intensity and rejects all others.
The centroid of the fragments is evaluated for each
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FIG. 7. Schematic diagram of image-intensifier detector system and television readout and digitizing system (see

text).

event and the few events with centroids far removea
from the beam axis are rejected. These are probably
spurious coincident events caused by fragment ions
that have been produced by breakup of the original
molecules in the residual gas in the vacuum line be-
fore passing through the stripping foil. The frac-
tion of rejected events was approximately one half,
mainly due to the wrong number of scintillations.

Typical Coulomb-explosion events for 4.67-MeV
C;~ molecules are shown in Fig. 8 which are plots
from a Tektronix display of the digitized data. The
scales correspond to the actual distance on the scin-
tillation screen in millimeters and the corresponding
angular spread in milliradians. The system can
detect carbon ions at least down to 300 keV in ener-
gy. Similarly, selected Coulomb-explosion events
for 3.50-MeV C,, 2.80-MeV C;~, and 2.33-MeV
C¢~ molecules are shown in Fig. 9. Several hun-
dred of those more complex molecular explosions
have been observed and recorded.

III. EXPERIMENTAL RESULTS

A. Breakup of NCO™ ions into diatomic
species

In addition to the Coulomb-explosion method of
totally breaking up a fast molecule in a thin foil,
with subsequent study of the fragments, partial
breakup measurements can be made that give some
insight to the possible structure of the molecule.
The gas stripper canal inside the high-voltage termi-

nal of the tandem accelerator was used to provide a
partial breakup of the triatomic molecule to dia-
tomic and monoatomic fragments. The initial
molecular ion produced in the ion source is an
NCO~ ion. It is accelerated to 2 MeV at the high-
voltage terminal where it interacts with a low-
density gas inside of the stripper canal and partially

10 mm
4.7 mrad

FIG. 8. Typical C;~ Coulomb-explosion data as plot-
ted from a Tektronix display.
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FIG. 9. Typical C;s6~ Coulomb-explosion data as
plotted from a Tektronix display.

breaks up, forming a mixture of NCO*, NC*,
CO*, NO*, N*, Ct, and O? ions, as well as other
unobserved charge states. The efficiency for pro-
ducing the positive diatomic and triatomic mole-
cules is only 1—2 %, however, the relative intensi-
ties of the diatomic species allow some insight to
the possible structure of the negative ion initially
accelerated. If the NCO™ ion is a linear structure,
then when it is broken into diatomic fragments,
NC* and COY ions, but no NO* ions, would be
expected. Similarly, if the structural sequence were
CNO~ the breakup products CN*, NO*, and no
CO* would be expected. Measurements of this
kind were undertaken with NCO~ from two ion
sources: a sputtering source and a duoplasmatron
source, and the results are shown in Fig. 10. It ap-
pears that the two sources produce negative ions of
very similar structure as indicated by the respective
breakup pattern. There is in both a small fraction
of NO* ions which may, perhaps, indicate a frac-
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FIG. 10. Comparison of charge exchange and dia-
tomic breakup of 4-MeV NCO~ ions produced by two
different ion sources.

tion of NCO™ ions in either a CNO or a triangular
form.

B. Coulomb-explosion results

The Coulomb-explosion events of triatomic mol-
ecules require three parameters for their complete
characterization, e.g., the three sides of the triangle
formed by the three projections of the momenta of
the three atomic ions onto the plane perpendicular
to the beam. For the sake of simplicity of display
and analysis we have reduced the number of
parameters to two, as shown in Fig. 11: the largest
side /, and the ratio R =d /I where d is the altitude
to the side /, integrating over the asymmetry 8/1,
considered to be the least significant parameter for
structure characterization.

Two-dimensional sorts versus d /I and [ for the
Coulomb explosion of positive, negative, and neu-
tral 4-MeV NCO molecules are shown in Fig. 12(a)
and, similarly, for 4.67-MeV C; molecules in Fig.
12(b).

It is apparent from the figures that the distribu-
tions for the three different charge states are very
similar. The shapes of the NCO distributions are
also similar to the C; distributions, however, the
NCO distributions have a mean [ value approxi-
mately 2 mrad larger than that of C;. All of the
data extend out to the d/I limit of 0.866, corre-
sponding to an equilateral triangle shape.

A more detailed comparison of the two-dimen-
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FIG. 11. Triangle parameters for a triatomic
Coulomb-explosion event.

sional plots of the different molecules can be made
by projecting all of the data on either the / or the
d /I axis. The [ distributions relate most closely to
the size of the molecular ion, whereas the d /I dis-
tributions are most intimately associated with the
molecular shape. Projections of the data shown in
Figs. 12(a) and 12(b) onto the [/ axis are shown in
Figs. 13(a) and 13(b), respectively. These projec-

(a)

tions, which are area normalized for comparison,
show again and more clearly, that the mean / of
the NCO and C; distributions differ by about 2
mrad and that the relative width of the NCO dis-
tribution is also somewhat larger than that of the
C, distribution. The ! distributions of NCO*+ %~
ions are very similar; however, C;~ appears to
have a mean / larger than C;° and C;* by 0.2 or
0.3 mrad. The solid-line curves are theoretical fits
to the data and will be discussed later.

Projections onto the d /I axis of the two sets of
data of Figs. 12(a) and 12(b) are compared in Figs.
14(a) and 14(b). These projections show that there
is little difference in the d /I distribution between
the three charge states of either of the triatomic
systems and there is also no significant difference
between the two different triatomic systems. It is
interesting to note that the NCO° distribution
shows a trend for a modest peaking at small d /I
ratios compared to NCO1>~ and this trend is also

1(mrad)

FIG. 12. (a) Summary of NCO**~ molecular explosion events plotted as a function of / and d/I. (b) Summary of
C;*%~ molecular explosion events plotted as a function of / and d /1.
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FIG. 13. Projections onto the / axis of the two-
dimensional distributions shown in Figs. 12(a) and 12(b).
Isolated points indicate the statistical accuracy of the
bars on the histogram. Curves through the histogram
correspond to theoretical fits (see text).

noticeable in the isometric display of Fig. 12(a).

For the sake of comparison with model calcula-
tions the data have been reduced in yet one more
way: the shape distributions—the d/I pro-
jections—have been sorted according to the magni-
tude of / and only 40% of the data pertaining to the
largest / (the largest “largest sides™) have been re-
tained. This selection has the following advantages:
large (projected) triangles are less sensitive to the
perturbations caused by multiple scattering and
such triangles largely exclude configurations in
which two fragment ions are aligned along the
beam direction (perpendicular to the projection
plane), considerably reducing the significance of
wake effects.

A comparison has also been made of NCO
Coulomb explosions from molecules produced in
both the sputter and duoplasmatron ion source.
The | and 40% d /I projections of the respective
NCO ions are shown in Figs. 15(a) and 15(b). The
distributions for the two sources are obviously very
similar, in accord with the similarity in the breakup
product distribution discussed earlier (cf. Fig. 10).
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FIG. 14. Projections onto the d/I axis of the two-
dimensional distribution shown in Figs. 12(a) and 12(b).
Isolated points indicate the statistical accuracy of the
bars on the histogram.
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gles of the distribution. Isolated points indicate the sta-
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The data presented here were compared with
model calculations based on assumed molecular
shapes and excitations. Charge-state distributions
were measured for N, C, and O ions at energies
corresponding to their respective energies as atomic
components of the molecules used in these mea-
surements. Owing to a recently discovered cluster
effect, the charge-state distributions for closely
correlated ions are different from those for single
ions as measured here’; consequently, appropriate
small corrections, based on the data of Ref. 7, were
applied to the measured charge distribution in the
model calculation.

As an introduction to the model calculations, a
brief survey of the factors governing the molecular
shape and the evolution of the system from its ini-
tial stage to the final projection recorded in the
detector will be presented.

IV. PROCESSES THAT SHAPE
THE MOLECULAR BREAK UP

A. Molecular excitation and motion

The excitation regime of the molecular ions is
largely determined by processes occurring inside
the ion source. Changes in excitation during the
transport to the stripper foil are governed by the
molecular and instrumental time constants: the
mean lives of electronic and vibrational excitations
are of the order of nanoseconds and milliseconds,
respectively, while the transport time is several mi-
croseconds. The electronic excitations therefore
largely decay even before the ions exit from the ion
source whereas the vibrational excitations remain
in the pattern established in the source. As the
ions reach the carbon foil, they are stripped in a
time of ~107'® sec. Since the vibrational periods
are of the order of 10~!* sec, the stripping essen-
tially constitutes a snapshot of the vibrational wave
function. The Coulomb explosion and its correlat-
ed orientation of the molecular fragments then
evolve from that moment. Molecular rotations
have a relatively small effect on the Coulomb ex-
plosion and the molecular orientation upon enter-
ing the foil is completely random with respect to
any spatial orientation.

Most of the experiments described here involved
a sputter ion source, and no prior information was
available on the prevailing vibrational temperatures
under these circumstances of ion production. In
part of these experiments both NCO~ and C;~

were stripped to NCO*, C;* and NCO° C;°
This process, presumably, will not affect the
molecular excitation if the two ions are well
matched in their structure. If, however, their
shapes are different, it is expected that the excita-
tion pattern will change; the predominant vibra-
tional states of the positive and neutral ions will
presumably be those that have the largest overlap
with the prevalent NCO™ and C;~ states.

B. Dynamics and kinematics
of the Coulomb explosion

The Coulomb explosion proceeds from initial po-
sitions distributed according to

E n nyn, l ¢n1(xl)¢nz(x2)¢n3(x3) I 2 »

nynyn;

where n; are the quantum numbers, x; the coordi-
nates, and ¢, (x;) the wave functions of the normal

vibrational modes. The initial stage of the explo-
sion occurs inside the foil, with the fragments ac-
quiring about % of their final kinetic energy. The
fragments of any atomic species have a common
mean charge at this stage. As the fragments
emerge from the foil they assume definite fixed
charges which determine the final phase of the
Coulomb explosion. For the sake of simplicity, we
ignored the first phase in our calculations (assum-
ing, in effect, an infinitely thin stripper foil). We
expect the errors due to this approximation to be
negligible in the present case.

A complete analysis of the Coulomb-explosion
events would imply a rigorous inversion of the
interaction—a unique assignment of an initial nu-
clear configuration to every observed event. This
is a difficult procedure because of the large geo-
metrical distortions that are caused by the
Coulomb-explosion process when fragments of
similar masses are involved. The distortions in-
herent in such a transformation are shown in Fig.
16 which illustrates the explosion of three ions of
equal mass and charge, forming an isosceles trian-
gle. The final configuration is also an isosceles tri-
angle and Fig. 16 shows the opening angle a; of
the final configuration as a function of the initial
angle a;. It is evident that there is a wide range of
initial angles that transform into nearly equal final
angles (~60°) and the inverse transformation is
not unique: to every final angle there correspond,
in general, two initial angles. [Strictly speaking,
the entire mechanical process is uniquely defined
and uniquely transformed; however, the two solu-
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FIG. 16. Initial and final apex angles of isosceles tri-
angles of three particles of equal mass and charge ex-
periencing a Coulomb explosion.

tions corresponding to one a, between the velocity
vectors (and assuming the potential energy to be
equal for both) differ only by a minute amount in
the coordinates at any given time.] The problem is
further complicated by the nonisotropic interaction
between the ions while inside the stripping foil.®
This interaction affects mostly ions that are ap-
proximately lined up along the direction of the
molecular-velocity vector. An additional uncer-
tainty is introduced by multiple scattering of the
fragment ions in the foil. Nevertheless, it will be
shown presently that significant information of
molecular structure can be obtained in experiments
of this kind.

V. MODEL CALCULATIONS

The neutral NCO and C; molecules were chosen
as models for the various NCO and C; species.
These are collinear structures with NCO in the
N—-C—-O configuration and their vibrational
motion has the three normal modes indicated in
Fig. 17. The normal frequencies and the internu-
clear separations are given in Table 1.° The lowest
frequencies are in the bending mode and C;, in
particular, is a rather “floppy” rod.

The bending mode appreciably affects the shape
of the molecules (the d /I ratio). The other two
modes would affect mainly the overall size (the /
parameter) but their average influence is small.

In the bending mode the system is characterized
by the angle 6 indicated in Fig. 17. The probabili-
ty P(6) of finding the system at angle 6 is given
by the square of the wave function ¥2(6) which in
the harmonic limit is

P (8)=y2(0)~HXa,0)e ~*%

with

m r. Mo rp ma ~
v,
.i BREATHING MODE .i !
¢ > <«—O— b5 7/'3
]
]
i 8 1 .
v,
BENDING MODE
le 3
I (2 3

FIG. 17. Bending and breathing modes of vibration
for a rodlike triatomic molecule.

,u1rcVzl,-2
24

a2

and
mymom;,

w= dmmy,+mo(m,+m,) ’

where H,, is the Hermitian polynomial of nth order,
v, is the bending frequency in cm™!, [, =r,+r, is
the maximum separation between the outermost
atomic constituents of the molecule, and my, m,,

and m, are their respective masses. The mean
square angle is given by

(B)=—tn+1).
a

For large n (n >6), the classical approximation is
used:

1
Pn(e) (a3_62)1/2’
=0, 6*>a?

2 _ 2
6° <a,

with ¢} =2(6?), .

It was established that for n =6 the difference
between the d/I distribution computed classically
and quantum mechanically was less than the exper-
imental sensitivity.

Multiple scattering occurs concurrently with the
Coulomb explosion inside the foil and can, under
certain circumstances, considerably affect the
breakup pattern.!® An accurate representation of
the multiple scattering was not made in these calcu-
lations but simplified approximations were used and
are believed to be adequate. The effect of multiple
scattering on the d/I distribution for large / has
been computed for two extreme conditions: the
scattering occurring wholly before or after the
Coulomb explosion. The two respective distribution
functions were found to be rather similar and the
modifications entailed by both of them are rather
marginal. The mean scattering angle (half width at
half maximum) was taken in these calculations to
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TABLE 1. Molecular constants for NCO and C,.

% A
li=d,+d, breathing ((x =L))o bending () A
(A) (em™Y) (cm™?) (rad) (em™")
NCO (2.37 2338 681 0.12 1284
2.0(1)
(o} 2.56 1230 0.094 63 0.32 2040
2.5(1)

®Present measurement.

be 1.0 mrad. This value was derived with minor ex-
trapolations from a measurement of the scattering
of the center of gravity of the breakup products of
each of the different molecules studied.

VI. RESULTS AND DISCUSSION

The comparison of the calculated distributions
with the data was carried out as a two-parameter fit
for the equilibrium separation /;=r;+r, and the
bending vibrational amplitude. Calculated d /I dis-
tributions at large / based on the bending frequency
of NCO are shown in Fig. 18(a) and compared with
the measured distribution for NCO*'®~ jons. A
good fit except for small d /I values is obtained for
n=7. A distribution of excited states centered at
about n =7 could evidently be just as adequate. A
similar comparison is made in Fig. 18(b) for the
measured distribution of C;*'*~ ions. Here the
best fit is obtained for n ~2 which is much lower
than the value for NCO because of the low bending
frequency. Again, the persistent peaking at small
d /1 values is observed in the calculated distribution
for small d/I values. These observations can be
summarized in the following way: the data for all
the species investigated can be fitted, with the ex-
ception of the small d/I region, with oscillator
states that have classical amplitudes of approxi-
mately 40°.

The peak at small d /I in the calculated distribu-
tions is clearly associated with molecules close to a
straight rod configuration (6~0). Such predicted
needle-shape molecules must be almost completely
absent in order to account for the experimental
data. In fact, from a purely geometrical approach,
the data can be reproduced by assuming a superpo-
sition of initial triangle structures with external an-

gles 9, ranging from ~10° to ~40°. These are re-
markably high bending amplitudes and they may
also explain the fraction of NO™* observed in the
breakup of NCO™.

The molecules all appear to be in states of high
bending vibrational excitation characterized more

COUNTS

50

%

FIG. 18. (a) Projections onto the / axis of the two-
dimensional distributions shown in Fig. 12(a) corre-
sponding to the 40% fraction of the largest / triangles of
the distribution. (b) Projections onto the / axis of the
two-dimensional data of Fig. 12(b) corresponding to the
40% fraction of the largest / triangles. Isolated points
indicate the statistical accuracy of the bars on the histo-
gram, and the theoretical curves correspond to different
calculated models of the molecular structures involved
(see text). n values refer to bending vibrational excita-
tion.



26 C3; AND NCO( +,0, —) MOLECULAR-ION STRUCTURE STUDIES BY . ... 197

by geometric than energetic parameters. The latter
would presumably be very different for C; and
NCO. The high excitation also provides a plausible
interpretation of the relatively few needle shapes:
as the system approaches the dissociation limit, the
potential gradually flattens in slope as indicated
schematically in Fig. 19; the motion is strongly
anharmonic, and the system tends to concentrate in
the extreme limits of its motion, away from the
center. A possible and natural way to explain the
observations would be to hypothesize that for the
various species considered, in addition to being
formed at high bending excitation, they also dissoci-
ate at a limiting angle 6, larger than 40°. The simi-
larity of the data for all species of C; and NCO
would appear, in this interpretation, to be accen-
tuated by the insensitivity of the Coulomb-explosion
process to the opening angle a; (=180°—6) in the
range a; < 140° (cf. Fig. 16).

Calculated / distributions are shown in Figs. 13(a)
and 13(b). They were carried out for structures that
yield a reasonable fit to the d/I data. The n =7
bending mode with the NCO parameters® and n =2
with the C; parameters’ were chosen as the best-fit
n values to the d/I distributions. Evidently, fixed
separation structures yield quite reasonable fits to
the data.

The data are summarized in Table I, and for the
C; species, is all in accord with the internuclear
separation of neutgal Cy; l;=r;+r,=2.5(1) A. For
NCO, [;=2.0(1) A was measured and is consider-
ably smaller than the upper limit previously estab-
lished.’

VII. CONCLUSION

It has been demonstrated that the technique
described here is capable of furnishing valuable in-
formation on various aspects of molecular structure
and vibrational excitation in accelerator ion sources.
Specifically, it has been found that all the species
that were studied are formed in states of high bend-
ing excitations, and somewhat indirectly, that these
states appear to be close to the dissociation limit.
Rather surprisingly, no major difference in the

ENERGY

DISTRIBUTION
OF VIBRATIONAL
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BREAKUP ANGLE

NUMBER | ¢
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POPULATION OF
VIBRATIONAL STATES VIBRATIONAL
POTENTIAL

FIG. 19. Schematic diagram indicating a possible situ-
ation in which linear molecular ions would be formed in
bending vibrational states close to the breakup point and
assume bent configurations all the way up to the limit
where they break up.

spectrum of bending amplitudes was found for the
supposedly rigid NCO species and the floppy Ci.
An hypothesis was proposed that the bending am-
plitude of both types of molecules are limited by
breakup at angles somewhat larger than 40°.

No definite conclusions could be reached con-
cerning the breathing-mode excitations except that
the molecules considered are probably very stiff in
this mode, as expected. Values for the intranuclear
separations were established; the C; species were
found to have the separations found in normal neu-
tral C,, i, lj=r;+r,=2.5(1) A, and for NCO,
the separation was determined to be rather small,
I;=2.0(1) A.
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FIG. 3. Partially magnified electrochemically etched
polycarbonate foil after exposure to stripped 4.67-MeV
C;~ ions.
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FIG. 4. Further magnification of selected C;~ molec-
ular explosion events at 4.67-MeV molecular-ion energy.
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FIG. 5. Selected C,~ molecular explosion events at
3.50-MeV molecular-ion energy.
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FIG. 6. Selected Cs~ molecular explosion events at
2.80-MeV molecular-ion energy.



