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In most experimental techniques used to derive the stereo
chemical structures of molecular ions, the difficulty in obtaining 
a sufficient column density of the ions to be studied presents 
a severe limitation. Thus, for example, photon emission or 
absorption techniques usually involve searching for extremely 
weak and narrow lines in the presence of background radiation. 
Where such methods have been successfully applied, they result 
in very precise structure determinations. However, it has so 
far only proved possible to measure a handful of molecular ion 
structures with these "standard" techniques. This situation 
contrasts strongly with that for neutral molecules for which the 
experimental problems are much less severe and for which 
thousands of structures have been determined. 

Recent studies on the dissociation of fast (MeV) molecular 
ion beams in thin foils suggest a novel alternative approach to 
the determination of molecular ion structures. At these high 
beam velocities (typically a few percent of the speed of light) 
each dissociating molecular ion projectile rapidly loses many 
(sometimes all) of its electrons in sudden violent collisions with 
electrons in the foil target. The projectile then undergoes a 
so-called "Coulomb explosion" as the now highly charged and 
monatomic fragments repel one another apart via their mutual 
Coulomb forces. These fragments emerge downstream from 
the foil with their velocities shifted in both magnitude and direction 
from the beam velocity. Typically the Coulomb explosion results 
in energy shifts of a few kiloelectronvolts and angular shifts of 
a few milliradians for the dissociation fragments. High-resolution 
measurements of the joint energy and angle distributions for 
these fragments (especially when two or more fragments are 
detected in coincidence) offer promising possibilities for deducing 
the stereochemical structures of the molecular ions constituting 
the incident beam. 

If, instead of a foil target, a dilute gas target is used, the 
projectile dissociations then arise mainly from relatively gentle 
collisions. Nevertheless additional useful structure information 
can be obtained, especially when taken in conjunction with 
results from foil-induced dissociation. 

In this article we review some recent high-resolution studies 
on the interactions of fast molecular ion beams with solid and 
gaseous targets and indicate how such studies may be applied 
to the problem of determining molecular ion structures. 

Collision-Induced Dissociation at High Velocities 

The collision-induced dissociation of molecular ions has pre
viously been studied mostly with gaseous targets and with ion-
beam energies in the kiloelectronvolt range (for a recent review, 
see ref 1). There are, however, definite advantages in extending 
such studies to the megaelectronvolt range. We summarize here 
the most significant of these advantages (for a more detailed 
discussion, see ref 2). 

(1) The collision times become short compared with the times 
for molecular vibration and rotation and with the time for the 
subsequent dissociation [the cross sections for electron removal 
from the projectile are on the order of 10"16 cm2 (see, for 
example, ref 3)]. 

(2) The use of thin foil targets becomes feasible. In foils, dose 
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collisions with target electrons cannot be avoided, and this leads 
to more energetic Coulomb explosions than those occurring with 
gas targets. 

(3) For foil targets, higher beam energies lead to higher 
fragment charge states, giving more vigorous Coulomb explo
sions. 

(4) As the projectile velocity vis raised, there is a decline not 
only in the absolute values of multiple scattering angles (which 
vary as v~2) but also in the multiple scattering relative to the 
widths of the fragment angular distributions (which vary roughly 
as v"1). 

(5) Screening of the fragment charges by the target electrons 
in a foil is reduced at higher beam velocities. 

For high projectile velocities ( v » V0 = e2/h), collision-in
duced dissociation may be well approximated as a two-step 
process. First there occurs a rapid collision with one or more 
target atoms during which the projectile's nuclei do not move 
in their center-of-mass (cm) 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 state into 
two or more fragments. 

Simple Coulomb Explosions 

In this section we explore the implications of a simplified model 
for the Coulomb explosion of a fast molecular ion in a foil. We 
take as an example a tightly collimated beam of 3-MeV HeH+ 

ions incident on a 100-A carbon foil (Figure 1). The model can 
later be refined and extended to more complex projectiles. 

Since the mean time to strip the two electrons from each 
projectile is short (a few times 10"17 s) compared with the dwell 
time in the foil (0.93 fs at the beam velocity v = 1.07 X 109 
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Figure 1. A (very) schematic picture of a 3-MeV HeH+ projectile 
dissociating in a 100-A-thick amorphous carbon foil. 

cm/s) and with the times for molecular vibration (~ 10~14 s) and 
rotation (~10~12 s) of the projectile, we may make the ap
proximation that the electron stripping and the start of the 
consequent Coulomb explosion both occur instantaneously at 
the front surface of the foil. Let the internuclear vector from 
the a particle to the proton in a given HeH+ projectile have a 
length r0 at this instant and be inclined at an angle 4> relative 
to the beam direction. Let the values of r0 have a probability 
distribution D(r0) which depends upon the population of the 
various vibronic states of the projectile. 

If all the HeH+ projectiles were in the ground electronic, 
vibrational, and rotational state, the most probable value of r0 

would be expected to be 0.79 A (based, for example, on the 
potentials calculated by Kolos and Peek4). Let us consider a 
projectile having this particular value of r0 at the moment of entry 
into the foil. Electron stripping then produces an a-particte-proton 
pair with a mutual Coulomb energy e = 2e2/r0 = 36.5 eV. This 
potential energy is converted into kinetic energy in the cm as 
the Coulomb explosion develops. Since this Coulomb energy 
is much larger than the energies that the fragments have due 
to vibration and rotation in the incoming projectile, we may make 
the further approximation that at the instant of stripping (f = 0) 
the a particle and the proton are at rest in the cm frame. 

If, for the moment, we ignore further interactions of the 
projectile nuclei with the target foil, then the internuclear sep
aration as a function of time, r(t), is found by solving 

n't = Z1Z2B
2/ r2 

with the initial conditions 

/•(0) = r0, r(0) = 0 

(D 

(2) 

where M = M1M2Z[M, + M2) is the reduced mass of the two 
fragments and Z1 e and Z2 e are their charges. From this one 
finds that the time for the internuclear separation to grow to r 
is given by 

t(r/r0) = t0 Hr/r0) (3) 

where 

and 

tQ = [Mr0V(SZ1Z2S2)]1 (4) 

f(x) = \G\/x- 1 + In (\ /x + V x - 1) (5) 

If ju is expressed in amu and r0 is in angstroms, then 

r 0 = 1.90[Mr0VZ1Z2]1'2 fs (6) 

In a time f0, 19% of the initial Coulomb potential energy is 
converted into kinetic energy of the separating fragments. The 
final asymptotic ( f » f0) relative velocity of recession is 

2 4 
TIME (fsec) 

Figure 2. The dependence upon time of the internuclear separation 
between the a particle and the proton of a HeH+ Ion whose Internuclear 
separation at r = 0 Is 0.79 A. The right-hand ordnate gives the fractional 
growth of the Coulomb-explosion velocity as a function of time. The 
scale at the top shows the distance traveled in the LAB frame by the 
projectile assuming the beam energy to be 3 MeV. 

Figure 3. Vector diagram illustrating the relationship between cm and 
LAB coordinates for a fragment emerging from a Coulomb-exploded 
molecular ion projectile. 

For our example of 3-MeV HeH+ (Z1 = 1, Z2 = 2), f0 = 0.84 
fs and r(°°) = 9.4 X 106 cm/s (about 1 % of the beam velocity). 
The internuclear separation as a function of time Is shown for 
this example in Figure 2. From Figure 2 one also sees that 
with our dwell time in the target of 0.93 fs, a significant portion 
of the Coulomb explosion occurs after the fragments emerge 
from the foil (the internuclear separation at exit is 1.01 A). 

In this simple picture, the spatial orientation of the internuclear 
vector for the diatomic projectile remains constant throughout 
the stripping and the ensuing Coulomb explosion. (The corre
sponding statement for polyatomic projectiles is not necessarily 
true.) 

The final energies and angles of the fragments in the labo
ratory (LAB) frame are easily obtained by referring to the vector 
diagram in Figure 3. Let u be the asymptotic cm velocity 
acquired by the fragment of mass M1 as a result of the Coulomb 
explosion. That is 

u = UiZM1)I-M (8) 

The asymptotic LAB velocity of this fragment is then v+ 0. The 
shift in LAB angle is 

8 « (usin <j>)/v= u±/v (9) 

and the shift in LAB energy is 

A E = Z2M1(V+ Of- Z2M1V
2 

« W1VUCOS 4> = /W1VUn = 2E1 (U||/v) (10) 

where 

r(°°) = [2Z1Z2C2ZMr0]1 (7) E1 = Z2M1V
2 

(11) 
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(we neglect terms with relative magnitudes on the order of u/v). 
From this one sees that for each fragment species there is 

a maximum LAB angle Bn^x such that for B > Bn^ none of these 
fragments will be observed. For B < 6^ two classes of this 
fragment species will be observed: one with an upward shift 
in energy and one with an equal shift downward in energy. For 
6 = flmax these two classes coalesce into a single group having 
no energy shift. If B = Bn^x, then <£ »* 90°; i.e., at f = 0, the 
intemuclear vector of the incident projectile lies normal to the 
beam direction. For the fragment of mass Af1 

1/2 

where 

0max= I I / V - ( € , / £ , ) 

«1 = in/MMZiZ2e
2/r0) 

(12) 

(13) 

In the LAB frame the fragments emerging along the beam 
direction {6 = 0) correspond to the other extreme orientation 
of the incoming projectile {6 = 0 or 6 = 180°). Such fragments, 
although suffering no angular shift in the LAB, are observed with 
the maximal energy shift i A E ^ . The sign of the shift depends 
on whether the fragments are leading (+) or trailing (-) their 
partners. For the fragment of mass Af1 

AEmax = W 1 W= 2Ce1E1) 1/2 (14) 

In our example of 3-MeV HeH+ with r0 = 0.79 A, eq 12 and 
14 give for the protons S110x = 7.0 mrad (0.40°) and AEn^1x = 
8.4 keV. For the a particles, Bn^x is a factor of four smaller 
and AE018x is the same. 

It is interesting to note the "amplifying" effect of the cross-
term in eq 10 and 14. A cm energy on the order of electronvolts 
gives rise to a LAB energy shift on the order of kiloelectronvolts 
when MeV projectiles are employed. 

If the spatial orientations of the incident projectiles are iso-
tropically distributed, we may think of the tip of the vector 0 in 
Figure 3 as populating with uniform probability the surface of 
a spherical shell of radius u. Thus, for a given projectile ori
entation, there is a (47ru2)-1 weighting factor for the values of 
u that arise from an initial distribution D(r0) of intemuclear 
spacings. The distribution function for u is 

G(u) = (47ry2)-1D(r0)|dr0/du| (15) 

where G(u) and D(r0) are normalized by 

f D(r0)dro = T, 4TT f G(u)u2 da = 1 (16) 

UQ »/0 

For a simple Coulomb explosion we use eq 7 and 8 to obtain 

G(u) cc u-5D(r0(u)) (17) 
From the foregoing it is apparent that measurement of the 

LAB variables 8 and AE for one of the fragment species (Af1, 
say) is equivalent to a measurement of u± and u\\ in the cm 
system. Knowledge of the Coulomb dissociation potential then 
permits determination of D(r0). Actually just one of the two 
measurements suffices: either the distribution of 6 for AE = 
0, or the distribution of AE for 0 = 0. 

A two-parameter measurement (6, AE) of the yield of frag
ments of mass Af1 is expected to give a uniform "ring pattern" 
since it corresponds to a cut across the center of the sphere 
indicated in Figure 3. In Figure 4 we show such a ring pattern 
calculated for the protons from our 3-MeV HeH+ example. For 
the calculation we have assumed that all projectiles are in the 
ground vibronic state and we have used D(r0) obtained from 
the potential given by Kolos and Peek.4 Energy and angle 
distributions such as those in Figure 4b,c are sometimes called 
a "cross" since they represent orthogonal diametric cuts across 
the ring pattern. 

o 
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Figure 4. (a) "Ring pattern" calculated for the joint energy-angle 
distribution for protons arising from the simple Coulomb explosion of 
3-MeV HeH+. (b) Energy distribution for B = 0. (c) Angular distribution 
for AE = 0. 

Influence of the Solid Medium 

We have thus far ignored the influence of the medium apart 
from its role in initiating the Coulomb explosion. In practice 
various phenomena occurring as fast ions traverse foil targets 
can influence the dissociating fragments. The most important 
effects are multiple scattering, energy loss and energy straggling, 
wake effects, electronic screening, and charge exchange. (If 
the foil were crystalline, a case we do not consider here, ion 
channeling effects would play a prominent role5,6.) 

Multiple scattering can be a serious problem in that it effec
tively blurs the experimental angular resolution. It is minimized 
by using the thinnest possible target foils with tow atomic number 
and by using high projectile velocities. Thus, most of the work 
discussed here has employed carbon targets about 100 A thick. 
For such targets, 600-keV protons (e.g., from 3-MeV HeH+) 
suffer multiple scattering with an average angular deflection of 
about 0.6 mrad. 

Energy loss and straggling due to the normal stopping power 
of the medium are much less severe problems. For 600-keV 
protons traversing 100-A carbon, the energy loss is 0.7 keV and 
the straggling is only a few tens of eV. 

Polarization wake effects and electronic screening have been 
discovered6 to have a significant influence oh the motion of a 
cluster of fragments. The concept of a polarization wake trailing 
behind a fast ion traversing a solid was discussed in 1948 by 
Niels Bohr3 and has since been treated by several authors (e.g., 
ref 7-16). The wake represents the response of the target 
electrons to the passage of the charged projectile. In a simple 
treatment the target can be considered as an electron gas in 
which the projectile induces plasma oscillations that trail behind 
it. Figure 5 shows an example of the wake potential calculated 
with such a model.9 This potential (somewhat analogous to the 
wake of a boat moving in water) moves along with the projectile. 
The derivative of the potential evaluated at the projectile gives 
the stopping power. The wakes of a Coulomb-exploding cluster 
of ions traversing a foil superpose upon one another. Thus, for 
a diatomic projectile, the motion of one of the fragments while 
inside the foil is affected by the wake of its partner. This results 
in a tendency for trailing fragments to align more closely behind 
their partners.6 

For more slowly moving fragments, screening by target 
electrons begins to play a significant role. The Coulomb ex
plosion develops between charges for which the potential is 
exponentially screened, the screening distance being given by 

a = v/cop (18) 

where o>p is the plasma frequency appropriate to the target 
electrons. For 1-MeV carbon ions, for example, traversing a 



304 Chemical Reviews, 1980, Vol. 80, No. 4 Gemmell 

Figure 5. Potential distribution associated with the polarization wake 
of a 400-keV proton traversing carbon.9 Distances are shown in units 
of X = 2irv/Wp = 14.5 A (for carbon, hup = 25 eV). 

carbon foil (hup = 25.9 eV), we find a = 1.0 A. 
Charge exchange (electron capture and loss) in the target can 

have a major effect upon the ionic fragments traversing a foil. 
This is particularly true of heavy fragments. Inside the foil the 
extremely rapid (~ 10"17 s) capture and loss of electrons by the 
fragments leads to a well-defined effective charge that deter
mines the stopping power and also the magnitude of the Cou
lomb explosion. At high velocities the effective charge for a 
given ion can be written as 

Z"n = (S/ Sp)
1/2 (19) 

where S is the stopping power of the foil for the ion and Sp is 
the corresponding value for a proton of the same velocity.17 

Outside the foil the ions adopt integral charge states. 

Apparatus for High-Resolution Measurements 

To explore the details of ring patterns having "radii" of a few 
milliradians and a few kiloelectronvolts, experimental resolution 
widths at least an order of magnitude smaller than these values 
are desirable. This poses some technical problems, particularly 
in the angular coordinate. The solutions to these problems as 
implemented at Argonne18 have been described in the literature 
(e.g., ref 2, 12, 19-23). Figures 6 and 7 show the experimental 
arrangement now in use. 

Magnetically analyzed molecular ion beams are collimated 
to have a maximum angular divergence of ±0.09 mrad and a 
spot size of 1 mm at the target position. A set of "pre-deflector" 
plates permits electrostatic deflection of the beam incident on 
the target. Similarly a set of "post-deflectors" is used to deflect 
charged particles emerging from the target. The pre- and 
post-deflectors are used in combination so as to avoid detecting 
particles that arise from spurious incident beams (e.g., fragments 
arising from dissociation of the primary beam along the long flight 
path between the beam collimators). A 25° electrostatic an
alyzer having a relative energy resolution of ±3 X 10"4 is located 

several meters downstream from the target. An aperture placed 
ahead of the analyzer accepts a 1-mm-diameter group of tra
jectories originating at the target position. 

Distributions in energy and angle are made for particles 
emerging from the target by varying the voltages on the hori
zontal pre-deflectors and/or the post-deflectors in conjunction 
with that on the electrostatic analyzer. [The vertical ("Y") 
deflectors are normally used only for "trimming" purposes.] The 
overall angular resolution Is ±0.15 mrad. 

The detector chamber shown in Figure 7 is a recent addition 
to the beam line. It permits the coincident detection of disso
ciation fragments. The chamber houses two detectors that can 
be positioned to an accuracy of about 0.001 in. anywhere on 
a 20-in. diameter circular area subtending an angle of 100 mrad 
at the target. 

With our apparatus resolutions 

66 = ±1.5 X 10"4rad, 8E/E, = ±3 X 10"4 (20) 

we are able to measure u± and u\\ with equal accuracy. From 
eq 9 and 10 we find 

Su1 = SuJ = (±1.5 X 10"V (21) 

Measurements on "Ring Patterns" for Diatomic 
Projectiles 

Figure 8 shows a ring pattern and a cross measured for 
protons from 3-MeV HeH+ incident upon a 195-A thick carbon 
foil.2 The ring has approximately the diameter predicted from 
our simple model (cf. Figure 4). The most obvious feature not 
predicted from the model is the nonuniform distribution of proton 
intensity around the ring. There is an enhanced intensity for 
trailing protons and (to a much lesser degree) for leading protons. 
This redistribution of particle flux is a consequence of the in
teraction of the fragments with the wakes that their partners 
induce in the foil. It is to be observed for both heteronuclear 
and homonuclear projectiles. 

The widths of the peaks in the measured cross are larger than 
expected for the HeH+ ground state alone (Figure 4). This is 
because D(r0) is a broader distribution (excited states of the 
projectile contribute) and because of multiple scattering. The 
asymmetry in the peak widths in the 6 = 0 energy spectrum 
is caused by wake effects. 

Wake effects are also responsible for the slightly asymmetric 
location of the peaks in the energy spectrum with respect to 
the expected center of the ring. At this central position one 
observes a very small peak (Figure 8). It arises from disso
ciations in the target which produce He0 and a proton.2,19,22 

Considering the weighting factors given in eq 15, it is evident 
that the fraction of dissociations resulting in He°-H+ pairs is very 
small. These weighting factors coupled with the breadth of D(r0) 
cause a slight reduction in the ring diameter as compared with 
the values given in Figure 4 and by eq 12 and 14. 

Figures 9-11 show similar results for the foil-induced disso
ciation of beams of H2

+, 3He2
+, and N2

+. For further examples 
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Figure 6. Schematic diagram of the experimental arrangement at Argonne's 4-MV Dynamitron accelerator. 
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Figure 7. Schematic diagram showing a cross-sectional view of the 
detector chamber and movable detector systems at Argonne's 4-MV 
Dynamitron accelerator. 

of data of this type, see ref 2, 12, 13, 15, 16, and 19-27. 
Figure 12 shows a comparison between the measured and 

calculated9 ring patterns for a typical case of foil-induced dis
sociation. When the data were fitted, the only adjustable pa
rameters were the most probable value of r0 and the standard 
deviation a of the distribution D{r0), assumed here to be 
Gaussian. The best fit (Figure 12b) is obtained with T0 — 0.79 
A and a = 0.15 A. For the vibrationless ground state of HeH+, 
a Gaussian approximation to D{r0) would require T0 = 0.79 A 
and a = 0.081 A. The increased width of the experimentally 
derived a implies the population of excited states in the incident 
projectiles. A detailed analysis2 of data such as those in Figures 
8 and 12 shows that the four lowest lying vibrational states in 
the HeH+ ions represent 53%, 22%, 11%, and 6%, respec
tively, of the incident beam. The most probable value of r0 

remains 0.79 A. (The data shown for HeH+ in Figures 8 and 
12 were obtained by using a duoplasmatron ton source fed with 
a gas mixture of 90% He and 10% H2. Recently it was dis
covered28 that an RF source fed with the same gas mixture 
produces HeH+ ions in much higher states of vibrational exci

tation.) A similar analysis has been performed for H2
+ beams 

where it is found that the vibrational population is fairly close 
to that expected on the basis of Franck-Condon factors.2 

For slowly moving heavy-ion fragments, an improved fit to 
the data can be obtained by using a wake model that takes 
better into account the close collisions with target electrons. 
Thus, for example, Breskin et al.15,18 have accounted in a very 
precise way for the foil-induced dissociation of 11.2-MeV OH+. 

When fast molecular ions dissociate in a dilute gas target, 
wake effects, screening, and multiple scattering no longer play 
a role. Figure 13 shows two examples. One sees immediately 
that the rings are uniformly populated. The diameters of the 
rings correspond to the dissociations H2

+ —*• H+ + H+ and HeH+ 

—*• He+ + H+ (there is a very much weaker outer ring in Figure 
13b corresponding to HeH+ -*• He2+ + H+). The patterns display 
dominant central peaks. The central regions can be quantita
tively accounted for2 in terms of collision-induced transitions of 
the projectiles to excited electronic states which then decay 
dissociatively, yielding one neutral and one charged fragment. 
Gentle collisions of this type are possible in gases (unlike solids) 
where large-impact-parameter collisions are favored. For such 
excitations the resultant cm energy acquired by the fragments 
can be small (<0.1 eV, say) if the initial internuclear separation 
is large [i.e., on the tail of the distribution D(r0)]. These frag
ments, although arising in only a small fraction of the dissoci
ations, are detected for all initial projectile orientations and thus 
give rise to the large central peak. 

Implications for Structure Determinations 

Analysis of many ring patterns and crosses has shown (see, 
for example, ref 20) that for a great variety of diatomic molecular 
ion projectiles the bond length can be determined with an ac
curacy of about 0.01 A. In the analysis the influences (usually 
relatively small) of wake effects, multiple scattering, post-foil 
charge-state distributions, etc., are taken into account. 

At Argonne we have become interested in exploring the extent 
to which these high-resolution studies with fragmentation 
techniques may be extended to the difficult problem of deter
mining the geometric structures of polyatomic molecular 
ions.12,22,23 Related studies are also under way at Brookhaven29 

and at the Weizmann Institute.16,30 Although the accuracy 
expected from the fragmentation techniques may be poor (e.g., 
~0.01 A in bond lengths and ~ 1 ° in bond angles for not-
too-complicated species) compared with that attainable with 
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Figure 8. (a) "Ring pattern" and (b, c) "cross" for protons from 3.0-MeV HeH+ dissociating in a 195-A-thick carbon foil.2 
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Figure 10. "Ring pattern" for 3He2+ from 3.6-MeV 3He2
+ dissociating 

in a 118-A-thick carbon foil.21 

"standard" photon techniques (when they can be applied), it 
should be good enough to resolve many conflicts between 
predictions from various structure calculations. Further, this level 
of accuracy should suffice to assist practitioners of the photon 
techniques to zero in on the frequencies of their (usually very 
narrow) resonances. One further point: the molecular ions that 
are of the greatest interest in astrochemical and fusion studies 
are very much the same ones produced copiously from the 

plasma ion sources normally used in electrostatic accelerators. 
Figure 14 illustrates this. 

Except for the very simplest polyatomic molecular ions (e.g., 
H3

+), high-resolution studies on single fragments yield only gross 
features of the stereochemical structures. For example, our 
measurements on C2+ fragments from 3.6-MeV C3H3

+ ions 
dissociating in thin foils demonstrate only that the carbons sit 
on the corners of an approximately equilateral triangle [that is, 
we have a beam of cyclopropenyl ions and not propargyl ions 
(which are linear in carbons)]. Similarly, our measurements on 
single fragments from OH2

+ show only that the protons are 
equivalent and that the oxygen is "in the middle". The accuracy 
in determining bond lengths and bond angles is poor because 
there are wide ranges of values for these parameters that 
combine to give about the same Coulomb explosion velocity u 
for any given fragment. 

A further difficulty associated with this type of measurement 
for polyatomic molecular ions lies in analyzing the effects of 
vibrational excitations of the projectiles. Excitations of some 
modes (e.g., symmetric breathing modes) can frequently be 
expected to result only in apparent changes in the bond lengths 
determined by the Coulomb-explosion method. However, many 
nonsymmetric modes can result in apparent structures that differ 
markedly from the structure of the vibrationless ground state. 
It is therefore important to analyze the Coulomb-explosion data 
in terms of the specific modes that can be excited for each 
projectile species considered. The analysis can be greatly 
simplified if the projectiles can be prepared in their ground (or 
at most a small range of low-lying) vibrational states—often a 
difficult technical task. 

Polyatomic structures can be much more precisely determined 
if spatial and temporal coincidences are recorded for two or 
more dissociation fragments from a given projectile. With this 
in mind, we recently revised the apparatus at Argonne so as 
to permit a wide variety of coincidence measurements (Figure 
7). We are now able to measure double or triple coincidences 
and record simultaneously information on fragment charge 
states, energies, and flight times from the target. The system 
has been tested with various simple diatomic and triatomic 
projectiles (H2

+, HeH+, CH+, NH+, OH+ H3
+, CH2

+, NH2
+, OH2

+, 
etc.). 

In the remaining sections we present some measurements 
on single fragments and then some preliminary results on co
incidence measurements. 

Measurements on Single Fragments from 
Polyatomic Projectiles 

H3
+. A joint study31 of the simplest polyatomic molecular ion, 

H3
+, was undertaken at the University of Lyon, the Weizmann 

, s » . 0 , S33.0 

Figure 11. "Ring patterns" for (a) N+ and (b) N4+ fragments arising from the dissociation of 3-MeV N2
+ in a 75-A-thick carbon foil.24 
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Figure 12. (a) Experimental and (b) calculated (based on a Coulomb explosion modified by wake effects and multiple scattering) ring patterns 
for protons from 2.0-MeV HeH+ dissociating in an 85-A-thick carbon foil.9 
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Figure 14. A "mass-scan" of the ion beams emerging from Argonne's 
4-MV Dynamitron accelerator operating with a duoplasmatron ion source 
fed with a mixture of He and CH4 gases. 

Institute, and Argonne National Laboratory. Each laboratory 
performed a measurement based on the Coulomb explosion of 
fast H3

+ ions. Although somewhat different techniques were 
used, the three measurements gave results in agreement with 
one another. It was experimentally demonstrated (for the first 
time) that H3

+ is equilateral triangular in shape. The three 
measurements of the proton-proton bond distance yielded 0.97 

Q 
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Figure 15. Comparison between measured31 and calculated32 distri
butions in the proton-proton bond distance in H3

+ (from ref 32). 

± 0.03 A (Argonne), 0.95 ± 0.06 A (Lyon), and 1.1 ± 0.2 A 
(Weizmann Institute). Figure 15 shows a comparison of these 
results with a recent calculation by Carney32 based on the 
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Figure 16. Energy spectra at 6 = 0 for (a) O4+ and (b) C2+ resulting 
from 3.5-MeV CO2

+ bombarding a 133-A-thick C foil, and for (c) O4+ 

and (d) N3+ resulting from 3.5-MeV N2O
+ bombarding a 160-A-thick 

carbon foil.35 The spectra are not normalized to one another. 

vibrational-state population parameters of Smith and Futrell.33 

(The vibrational ground state of H3
+ has a calculated34 bond 

length of 0.91 A.) 
CO2

+ and N2O
+. A typical example of the manner in which 

gross structures may be rapidly determined by Coulomb-ex
plosion techniques is to be found in recent studies at Argonne35 

with 3.5-MeV beams of CO2
+ and N2O

+. These molecular ions 
in their ground and low-lying states are known36 to be linear; 
but while CO2

+ has the symmetric form (0-C-O), N2O
+ is 

asymmetric (N-N-O). Figure 16 shows 0 = 0 energy spectra 
for O4+ and C2+ and CO2

+ and O4+ and N3+ from N2O
+. Similar 

spectra were obtained for fragments emerging in other charge 
states. Each spectrum takes about 5 min to accumulate. The 
principal structural characteristics are evident from just a casual 
inspection of Figure 16. The existence of only two peaks in 
Figure 16a indicates that the two oxygen atoms in CO2

+ are 
equivalent. The existence of just one peak in Figure 16b shows 
that the carbon atom is central in a linear molecule (no net 
Coulomb-explosion velocity). The two peaks in Figure 16c show 
that the oxygen atom in N2O

+ lies "on the outside" and the three 
peaks in Figure 16d show that one nitrogen atom is "on the 
outside" and that one is in the center of a linear molecule. The 
central peak in Figure 16d is much more strongly populated than 
the two side peaks because many more incident orientations 
contribute to it. 

From these considerations, it can be seen that by simply 
counting the number of peaks in each spectrum, one can infer 
that both CO2

+ and N2O
+ are linear with structures O-C-0 and 

N-N-O. A more detailed analysis is obviously required to obtain 
precise values for the bond lengths and angles. 

CHn
+ (n = O, 4). The proton and the carbon fragments 

arising from the Coulomb explosion of CH+, CH2
+, CH3

+, and 
CH4

+ have been studied at beam velocities corresponding to 
0.194 MeV/amu.37 The singlet proton spectra, although re
flecting vigorous Coulomb explosions, are not particularly in
formative concerning the projectile structures. For the carbon 
fragments, energy straggling and multiple scattering in the target 
blur out the structure information in the energy and angle spectra. 
However, the width of the peak observed in these carbon-ion 
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Figure 17. Comparison of energy widths of C4+ spectra for CHn
+ -*• 

C . The calculations are based on a carbon ion effective charge of 
3.5 and neglect wake forces.37 

spectra is sensitive to any asymmetry in the distribution of the 
protons that surround the carbon atom in the projectile. 

Figure 17 shows the measured energy widths (fwhm) of 
outgoing (8 = O) C4+ ions that emerge after the incident beam 
strikes a foil target. The value of 6.1 keV for incident C+ 

represents the contribution of energy straggling convoluted with 
both the beam energy spread and the resolving power of the 
electrostatic analyzer system. The Coulomb explosion of the 
highly asymmetric CH+ ions adds a large contribution which 
increases the measured width to 14.6 keV. For the more 
symmetric CH2

+ ions, because of near cancellation of the im
pulses produced by each proton on the carbon ion, the Coulomb 
explosion is reduced and thus we measure a width of only 10.1 
keV. If CH2

+ were rigidly linear, the width would be expected 
to be close to the C+ straggling value of 6.1 keV (the width would 
actually be somewhat greater than 6.1 keV because of 
charge-state fluctuation effects that modify the Coulomb ex
plosion while the ion fragments are within the target foil). A 
similar effect is seen in the measurement of the carbon width 
for the dissociation of CH3

+. Again, the width is increased over 
the minimum that one would expect for a rigid planar structure; 
however, it is smaller than either of the CH+ or CH2

+ results. 
The data for CH4

+ show a dramatic departure from this general 
trend. The measured width of 11.1 keV is larger than all but 
the CH+ measurement. This indicates a highly asymmetric 
proton distribution around the carbon nucleus and is most likely 
a consequence of the Jahn-Teller distortion of CH4

+. 

The dashed line in Figure 17 shows the width calculated on 
the basis of a very crude model in which it is assumed that rigid 
structures having carbon charges of 3.5 and proton charges of 
1.0 Coulomb-explode. No attempt was made to include the 
effects of molecular vibrations, wakes, multiple scattering, 
charge-state distributions, etc. These calculations thus serve 
only as a rough guide to the possible structures of the projectiles 
and are not to be interpreted as determining the actual structures. 
The calculation for CH+ assumes a bond length of 1.13 A. For 
CH2

+ a carbon-proton distance of 1.03 A is assumed and the 
H-C-H angle is taken to be 140° (a guess based on the ex
pectation that the bond angle will be close to the value of 131° 
known36 for the isoelectronic molecule BH2). For CH3

+ the 
calculation assumes a rigid pyramidal structure with an inter-
proton distance of 1.08 A and with the carbon ion 0.2 A off the 
proton plane. The values calculated for CH4

+ were based on 
the four Jahn-Teller distorted structures derived by Dixon.38 As 
noted above, taking account of vibrational excitations of the 
projectiles can affect the implications of these calculations. For 
example, CH3

+ is commonly thought to be planar36 and the 
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Figure 18. Coincidence counting rate for protons from 3.6-MeV OH2
+ 

dissociating in an 80-A-thick carbon foil. The rate is plotted as a 
function of the angle between the electrostatic analyzer (set on the 
low-energy, 0 = 0 proton group) and one of the movable surface-barrier 
detectors (Figure 7). 

results shown in Figure 17 are consistent with a planar structure 
in which a low-frequency out-of-plane oscillation of the carbon 
ion exists with an amplitude of ~ 0 . 2 A. 

Coincidence Measurements 

CH 2
+ , NH 2

+ and OH2
+ . Preliminary coincidence measure

ments have been performed for these dihydride Ions.23 Of the 
three, only OH2

+ has previously had its structure determined 
experimentally. From optical measurements Lew and Heiber39 

found the O-H bond length to be 0.999 A and the H-O-H bond 
angle to be 110.5°. 

Figure 18 shows a spatial scan of the proton-proton double 
coincidence rate for the foil-induced dissociation of 3.6-MeV 
OH2

+ ions. Note that a given combination of post-deflector and 
electrostatic analyzer (ESA) voltage settings amounts to choosing 
for study a limited subset of the incoming projectile orientations. 
For the data shown ion Figure 18, only those OH2

+ ions in which 
one proton is trailing are selected. The angular radius of the 
proton ring pattern is 16.2 mrad. Thus the bond angle is close 
to /3 = 180° - sin"1 (14.7/16.2) = 115°. Approximate cor
rections for the displaced cm and for the oxygen recoil result 
in values of 110 ± 2° and 1.0 ± 0.04 A for the bond angle and 
bond length, respectively. These values agree with those from 
the optical measurements.39 Measurements with other orien
tations chosen in the ESA give similar results. A more detailed 
analysis, properly taking into account wake effects and multiple 
scattering, should result in a significant improvement in the level 
of accuracy. 

Figure 19 shows a comparison of the results for foil-induced 
dissociation of 3.6-MeV CH2

+, NH2
+, and OH2

+. For these data, 
the deflections are chosen so that the ESA detects only those 
protons with the maximum transverse momentum. The double 
coincidence rate for OH2

+ peaks a little past the center of the 
proton cone—again consistent with a bond angle of 110°. 
However, for the other two projectiles, the peak occurs at the 
extreme angle of the proton cone—opposite the ESA. This 
would be consistent with a linear structure, but again vibrational 
effects may be playing a large role in these projectiles. 

We have recently begun triple coincidence measurements, 
e.g., on the pair of protons and the N3 + fragments arising from 
the dissociation of 3.6-MeV NH2

+ ions in a dilute Ar gas jet 
(Figure 20). Although the triple coincidence counting rates are 
low, the data are very clean and the analysis is simplified as 
compared with the results obtained with foil targets. In Figure 

FRACTION OF PROTON CONE 

Figure 19. The proton-proton coincidence counting rates for 3.6-MeV 
beams of CH2

+, NH2
+, and OH2

+ dissociating in carbon foils of thick
nesses 98, 66, and 89 A, respectively.23 The rates are plotted as 
functions of the fraction of the proton cone angle (16.25, 14.28, and 
13.2 mrad for CH2

+, NH2
+, and OH2

+, respectively) lying between the 
electrostatic analyzer (set on the protons having the maximum transverse 
momentum) and one of the movable surface barrier detectors (Figure 
7). Also shown are the total (energy-summed) proton-singles rates in 
the movable detector. 
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Figure 20. fTop) H+-N3 +-H+ triple coincidence counting rate for 
3.6-MeV NH2

+ ions dissociating in an Ar gas-jet target. N3+ ions are 
detected at 0 0C in the electrostatic analyzer. Protons are detected 
in the two movable detectors. The coincidence rate Is plotted as a 
function of the angle between the (symrnetricaty placed) proton detectors 
and the beam direction. (Bottom) Same, but double coincidences 
(N3+-H+) obtained with a 70-A carbon foil target. In both figures, the 
total (energy-summed) proton-singles rates In the movable detectors 
are shown as dashed curves. In the top figure, the numbers (0, 1, 
2, 3) on the dashed curve refer to the corresponding nitrogen Ion charge 
state.23 
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Figure 21. Etched polycarbonate sheet after exposure to fragments 
from 3.5-MeV C4" ions dissociated in a thin carbon foil.29 

20 the detailed time-of-flight information for each point in the 
angular scan has not yet been taken into account in the data 
analysis. 

To summarize, we have commenced high-resolution coin
cidence measurements on the fragments from foil- and gas-
induced dissociation of fast polyatomic molecular ions. For OH2

+, 
we are able to reproduce the bond angle and bond length found 
in optical experiments. The precision of the method can now 
be expected to improve considerably as more refined data-
analysis procedures are developed. 

Measurements Using Imaging Techniques 

At the Weizmann Institute, a photographic technique was 
developed31 to study H3

+. With this technique, all of the frag
ments from individual projectiles were captured and rendered 
visible in a photographic emulsion. A similar method has recently 
been applied by a group at Brookhaven29 to study the foil-induced 
dissociation of Cn" beams. This group uses a polycarbonate 
plastic sheet as detector. Figure 21 shows such a sheet after 
exposure to fragments from foil-dissociated C4" projectiles. 
Inferring structure information from data such as these is difficult 
(except perhaps to observe that C4" is not linear). A higher data 
rate would be very desirable because a statistical analysis of 
the fragment patterns would then become feasible. Promising 
steps in this direction are now being taken both at Brookhaven 
and at Weizmann Institute where electronic imaging techniques 
are being developed. At Brookhaven29 a fluorescent screen used 
in conjunction with an image intensifier is being tested. Workers 
at the Weizmann Institute30 have demonstrated that a charge-
coupled semiconductor device is capable of acting as a high-
resolution two-dimensional detector of charged particles. The 

energy resolution in each element is expected to be adequate 
for purposes of distinguishing masses. It is expected that this 
device will permit the rapid acquisition (~50 images) and storage 
of two-dimensional projections of individual Coulomb-exploded 
molecular ions. The digital coordinates of the fragments in each 
image together with rough measures of their energies will be 
stored and processed by a computer. 

These imaging techniques and the Argonne technique are 
complementary approaches to the structure problem. The one 
approach will produce a high rate of coincidences between all 
fragments for all incident projectile orientations, but little detailed 
information on energies, charge states, flight times, etc. The 
other approach selects individual charge states and projectile 
orientations with very precise information on parameters such 
as energies, flight times, direction, etc. but with low coincidence 
counting rates. 

Conclusion 

We have described the main features of the Coulomb ex
plosion of fast-moving molecular ion projectiles and the manner 
in which Coulomb-explosion techniques may be applied to the 
problem (difficult to attack by more conventional means) of 
determining the stereochemical structures of molecular ions. 
Examples have been given of early experiments designed to elicit 
structure information. The techniques are still in their Infancy, 
and it is to be expected that as both the technology and the 
analysis are refined, the method will make valuable contributions 
to the determination of molecular ion structures. 
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