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We present experimental results from high-resolution studies of the 

energy- and angle-distributions for the break-up products that arise from the 

dissociation of a variety of fast molecular ions in thin carbon foils and in 

gases. The results for foil targets are compared with calculations based on 

a model for the polarization nwakesn induced in foils by the passage of fast 

charged projectiles. An example is given of the application of this type of 

dissociation measurement to the determination of a molecular structure--that of 

+ H
3 

• We also describe measurements on the transmission of fast molecular 

ions through carbon foils and present results on the transmission probabilities~ 

energy losses and angular distributions of the transmitted ions. 
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I. INTRODUCTION 

1--3 In recent publications we have reported new effects seen in 

high-resolution measurements of the distributions in angle and in energy for 

the break-up fragments produced when fast molecular_ ion. -beani":s (2 < v/v 0 --<-~io·,_ 

where v = e2 /J6) bombard thin foil targets .. (both. amorphous and crystalline)._-· ·------·-· 
.. -.- . -.0 -. - . - ... -- --. - --- - - ---- -- -. --.. - - ... - ... -- - ... -- ~ ... - ... -- .. ·- - . - -. --. -·--

These effects manifested themselves in pronounced departures from expectations 

based on a simple "Coulomb explosion" picture in which a cluster of. nuclei~ 

. - - . . . . . . - -·- - ·-- ·-.--·- -· --·-- -- ------ -
.. . ---- ~ -·-- ·- - --- . ----

:_s_t:!':ipped o_f the:i_r __ binding ~lect!ons, mo_ve apart under the influence of. their 

mutual Coulomb repulsion. An explanation for these differences has been offered 

in terms of an interaction between the projectiles and the electronic 

polarization induced in the target by their passage. A theoretical model 
. 4 

describing this interaction has been developed. Calculations based on the 

model reproduced well experimental results obtained for the dissociation of 

4HeH+ ions in thin carbon foils. In addition~ the model was able to account 

for the total electronic stopping power of the solid (due.to the braking effect 

of the polarization charges). 

We present here in summary form the results of a recent extensive 

study at Argonne National Laboratory on the dissociation of fast beams of 

4HeH+ and 3HeH+ in carbon foils. This study was performed with a view to 

testing the model in a detailed way and to exploring its limitations. To this 

end~ we have varied such obvious parameters as the beam velocity, the target 

thi~kness and the isotopic composition of the molecular ions. Wehave also.made 

measurements for a variety of charge states of the dissociation products 

+ 0 - ++ + 0 (H , H , H , He , He and He ) • A related study reported here concerns the 

4 + 3 + transmission of HeR and HeR through carbon foils. We have measured the 

transmitted fractions, energy losses and angular distributions for various 

bombarding energies and target thicknesses.· 
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Similar but less extensive studies have been made with several 

other molecular-ion beams ranging from H
2
+, H

3
+ and He

2
+ (with their various 

isotop"ic substitutions) up to CH+, N
2
+, OH+, OH

2
+ and OH

3
+. Some examples 

of results are presented here. 

We have also made the first detailed studies of the dissociation of 

fast molecular ions in a gas and we show the interesting comparison of 

+ + -results for gas and foil ltargets using beams of HeH , OH and OH (the work 

on OH- was performed at the Weizmann Institute). 

Finally, we report on an application of this type of measurement 

+ to the determination of a molecular structure, that of H
3

. • The structure 

was measured (using different techniques) both at the Weizmann Institute 

5 and at Argonne National Laboratory. 

Il. EXPERIMENTAL ARRANGEMENTS 

a) At Argonne (Fig. 1) 

Magnetically analyzed molecular-ion beams from Argonne's 4-MV 

Dynamitron accelerator were collimated to have a maximum angular divergence 

of ±0.09 mrad at the target position. A set of "pre-deflector" plates 

permitted electrostatic deflection of the beam incident on the target. 

Similarly, a set of "post-deflectors" was used to deflect charged particles 

emerging from the target. Charged particles entering the ·electrostatic analyzer 

were energy analyzed with a relative resolution of -4 6 X 10 o The angular 

acceptance of the analyzer was ±0.11 mrad. Distributions in angle and energy 

were made for particles emerging from the target, by varying the voltages on 

the pre-deflector and/or the post-deflector -in conjunction with that on the analyzer. 

' __ ...... 
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Neutrals were energy analyzed by first stripping them in a ~100-X tnick carbon 

foil located just ahead of the analyzer. The overall angular resolution was 

±0.15 mrad (0.008 degrees). Selection of the required charge state for 

particles leaving the target was facilitated by ~ suitable combination of 

pre- and post-deflection. The optimal combination also rejected spurious 

incident beams (e.g. pre-dissociated fragments arising from interactions 

in residual gas upstream from the target). Elaborate precautions were taken 
q 

to ensure that no carbon build-up occurred on the target foils. Gas target 

experiments were performed by removing the foil target and flooding the 

entire target chamber with gas (typically to a pressure of ~lo-5 Torr). 

Appropriate voltages on the deflectors were then used to restrict the viewed 

region of interaction to that between the inner two sets of x-deflection 

plates. \ 
i 

b) At the Weizmann Institute (Figs. 2 and 3) 

The experimental arrangement used in the studies on OH- is shown in 

Fig. 2. The most essential element was a 14 UD Pelletron accelerator manufactured 

by NEC, the Koffler accelerator recently assembled at the Weizmann Institute. 

Negative ions emerged from a "direct extraction" source fed with 

hydrogen gas and a small amount of water vapor. The magnet following the 

source acted as a mass analyzer and was set to select ions of 17 .amu which 

The OH beam .. was the1.1 accelerated to the high 

voltage terminal which was kept at: V = +12.00 MV. In the terminal the OH-

ions were stripped .in either carbon foils or in a nitrogen gas stripper. 

Out of the stripper there emerged positive ions: protons and oxygen ions in 

various charge states. These ions were then further accelerated to ground 

potential and momentum analyzed in the 90° magnet. The·magnet was set to 

transmit the proton beam and the magnet current was modulated by a saw-tooth current 
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to allow a fast scanning of the momentum distribution of the protons. The 

proton beam was monitored in a Faraday cup, and the beam intensity as a 

function of magnetic field was displayed on a memoscope. Only protons 

emerging in a narrow angular region around the beam axis (with a cone opening 

~1 mrad) were analyzed. This was accomplished by switching off the quadrupole 

' 2 lens following the accelerator and stopping down the beam to 4 x 4 mm at the 

2 
mm • object slits. The image slits were set to 2 x 2 

A 3--MV Van de Graaff accelerator was used at the Weizmann Institute 

+ for work on the str.ur.t.ur.e of H3 • The exper:iment was set up to record 

completely planar projections of individual exploded H
3
+ ions. The residual 

protons from a Coulomb explosion were recorded on photographic emulsion in a 

camera. The 2.2-MeV H
3
+ ion beam was kept at a very low level--about 10 ions 

per second--by a set of apertures shown schematically in Fig. 3. This intensity 

is far too low for the conventional voltage stabilization which is linked to 

an error signal from a·d~flnlng slit at the exit of the analyzing magnet. 

Inst~ad, the voltage of the accelerator was stabilized with the aid of a 

generating voltmeter output, and the ion beam was passed through the analyzing 

magnet without any further collimation until the defining diaphragm. of the 

camera. 

The beam was adjusted with the aid of a surface-barrier detector 

situated behind the emulsion carriage. The ions were stripped in a carbon 

foil of 2--4 lJ.g/cm2 and the residual protons impinged on a strip of nuclear 

emulsion which was moved across the ion beam 2 mm behind the stripper foil. 



. ,· 
.. . · .. . ·_.· .. .. . . 

.. ·. 
7 

III. THE DISSOCIATION OF HeR+ IN CARBON FOILS 

+ The HeR molecular ion was chosen for extensive study because it is 

one of the lightest, structurally simple, heteronuclear, diatomic ions readily 

available as an accelerator beam. The relatively big differences in mass and 

charge of the two nuclei result in large and easily observable polarization 

"wake" effects. The light mass permits measurements at high velocity (where 

"the projectile nuclei are almost f_ully_ s_t:!ipped of electrons) with··~odest 

a~cel~rator voltages. 

Figure 4 ohows the solution , r(t), to the equation of. motion 

(llr z1z2e2/r2) governing the simple Coulomb explosion of the 4HeH+ 

molecular ion. Here r(t) is the internuclear separation at time t and ll 

is the reduced mass of the a-particle and proton combination. For the purposes 

of Fig. 4, which is designed merely to illustrate the times and distances 

involved, we assume z1 = 1, z2 = 2, :co) = 0, and r
0 

= 

equilibrium separation in the electronic ground !ilatt:!. 

r(O) = r , the 
e 

4 + For Hell , r has 
e 

bee~ calculated6 to be 0.774 R • It is seen that the initial potential energy 

is converted into kinetic energy in times on.the order of a few femtoseconds 

(fsec ). In these times, the beam typically travels a few hundred Angstroms. 

The final relative velocity of separation is given by u = ;(w) 

6 For the case shown in Fig. 4, u = 9.5 x 10 em/sec. 

2 1/2 (2Z.z2e /J.Ir) 
l. 0 

Figure 5 illustrates the "ring" pattern expected, on the basis of a 

simple Coulomb explosio~ for the joint energy-angle distribution of protons 

f h 2 
4 + b fl rom t e break-up of -MeV HeR ions in a car on oi • We assume that at 

the instant of entrance into the foil (t = 0) the two binding electrons 

are removed ·from each molec.ular ion and that the protons are observed at 

. -15 times t >> 10 sec. 

/ 
. ; 
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· We further assume z
1 

= 1, z
2 

Gaussian (a = 0.081 R) about 

= 2, ;(0) = 0 and that r 
0 

is distrihuted as a 

r • e 
This distribution is expected to be 

reasonably accurate for the case in which the incident ions are in the ground 
! 

vibrational state. The calculation includes the effects of multiple scattering 

but omits any energy straggling effects (these are expected to be negligibly 

small). . . 

Host of our data on the dissoc.iation {ragments produced from 

molecular-ion beams take the form of measurements of either a complete "ring" 

pattern (i.e. a joint energy-angle distribution) or a "cross" [i.e. an energy 

distribution for zero angular shift together with an angular distribution for zero 

energy shift (allowing for the usually small energy loss due to the stopping 

power of the target)]. 4 + Figures 6 and 7 show examples for protons from HeR • 

A comparison of Figs. 5 and 6 illustrates the observed large departures from 

the results expected on the basis of a simple Coulomb explosion. 

8 h " " d f + 0 H- 0 _ti .. e+ In Fig. we s ow crosses measure or H , H , , He , 

and-He++ ions arising from the bombardment of a 160-R carbon foil by 3.63-MeV 

4HeH+. An example of the dependence upon target thickness is given in( 

0 4 + Fig. 9 for the case of H coming from the break-up of 3.63-:t-ieV HeR •. 

4 + Figure 10 compares "crosses" measured for protons from HeR 

3 + and HeR ions of the same velocity. The dependences of ~E and ~6, the separations 

in energy and angle of the peaks in the "crosses", upon target foil thickness 

and incidence velocity are shown in Fig. 11 for various break-up products from 
4

HeH+. 
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In Ref. 4, we derived the following expression for the potential 

distribution due to the polarization "wake" trailing a particle of charge Ze 

as it travels along the positive z-axis at velocity v (v << v << c) through an 
0 

electron gas whose plasma frequency is w = (4rrne2/m) 1/ 2 , n being the average 
p 

electron density: 

cf>(R,z-vt) (1) 

Here R is the radial distance from the z-axis and a = v/w • An example of this 
p 

potential is shown plotted in Fig. 12. The derivative of this potential evaluated 

at the projectile position yields the stopping power (-dE/dz), the resulting· 

expression being a close approximation to the Bethe formula. 

Measurements on the dissociation of fast molecular ions in 

foils provide a sensitive test of the wake potential in the neighborhood of a 

·charged projectile since the separations between the nuclear constituents of each 

molecular c-luster typically do not exceed ·a few R while the cluster is inside · 

the foil. Figure 13 shows a "ring"·pattern derived from a computer 

simulation of the experiment whose measured distribution is given in Fig. 6. 

The a-particle and proton motions are computed under the assumption that they 

are influenced only by (a) the direct Coulomb repulsion and (b) wake 

forces corresponding to potentials of the form given in Eq. (1). The initial 

internuclear separations are taken to be distributed as a Gaussian with mean 

valuer = o. 79 R, and a = o.1s R. 
0 

The calculated results have been 

smeared in the angular coordinate by the measured multiple scattering whose angular 

distribution has a width of 0.09° (~~M). The plasmon energy needed to evaluate 

Eq. (1) was obtained by matching the stopping power calculated from Eq. (1) 



to the measured stopping power of carbon for 400-keV protons. This gave -fi.w 
p 

25.0 eV. The associated value of n is equivalent to 4.5 electrons per carbon 

atom. (By way of comparison, characteristic· energy-loss measurements for 30-keV 

electrons in evaporated carbon foils yield-trw =
1
25.9 ev. 8 ) The fact that the 

p . . 

calculated pattern reproduces the measured one so well with reasonable parameters 

is encouraging support for the "wake" model. 

The value of r required in the calculation is in good agreement 
0 

with that expected for the lowest-lying state in the vibrational spectrum 

of 
4

HeH+ (see Fig. 14). The width needed for the Gaussian is somewhat 

larger than would be expected if the ground-state wavefunction were the Gaussian 

appropriate to a harmonic oscillator. This suggests that not all of the ions 

in the incident beam are in the ground state, but that some small fraction is 
·, 

\ 
in the first or higher vibrational states. Calculations are currently in 

4 + progress using more realistic wavefunctions for the states of · HeR • The correct 

wavefunctions yield asymmetric distributions ·in r
0

, giving more weight to larger 

This results in better agreement with the detailed shapes of the peaks in the 

r • 
0 

"crosses". (These peaks are also asymmetric in the direction favoring larger r .) 
0 

Two other factors affecting the asymmetries of the measured peaks are 1) the ionic 

charge state distributions (for an example, see Fig. 13) and 2) even a symmetric 

distribution in r results in an asymmetry (favoring small r ) in the distribution 
0 0 

-1/2 of r (the angular and energy deviations from the values corresponding to 
0 

-l/2 the incident beam are proportional tor ). 
0 
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Table I shows a comparison of the measured and calculated values of 

6E and 66 the separations in energy and angle, respectively, of the peaks in the 

"crosses" for 3.63-MeV 4HeH+ and 2.9-MeV 3HeH+ dissociating in a 100-R carbon foil. 

~~ble !i gives a simil~r comparison:· for a range of target thickn~sses and 
. - - -·- .. -·- - . . 4 + . . . . - - -- ... -------·· -- ---- -

bombarding energies for HeR • _The overall agreement is good. _ --·-- ---------

The three areas of strongest disagreement between experiment and theory 

are the following: 

a) For H- ~Fig. 8), the observed values of 6E and 66 and the general shapes of 

0 0 -the"crosses" are about the same as for H • Since H and H are well separated by 

our post-deflection system, this result indicates that the H- ions leave the 

0 -15 -9 target as H and then at some later time (10 sec << t << 10 sec) capture an 

electron. The most likely source of that electron is the partner He ion which 

may be in some excited state and able to shed an electron. The lifetime of this 

state may be long compared with the Coulomb explosion time, but short compared 

with the flight time to the post-deflectors. 

b) We have not been able to resolve the expected two peaks in the He
0 

energy-·· 

and angle-spectra even when the expected values of 6E and 6.6 are relatively 

large (e.g. Table I). This may be due to non-uniformities in the target 

thicknesses• 

c) For the lowest 
4

HeH+ energies (e.g. 0.85 MeV) the value of 6E 

- .. - . - . . -- 0 . - - . -·- . - ·-- ... --- -- --- --
measured for H . shows a curious inversion of the usual dependence 

on target thickness. The reason for this is not presently known to us and is 

being investigated further. 
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4. THE TRANSMISSION OF HeH+ THROUGH CARBON FOILS 

In 1971 Poizat and Remillieux9 demonstrated the rather remarkable fact 

that there is a small but significant probability for 2-MeV H2+ ions to 

4 + transmitted through thin carbon foils. We have observed that HeH and 

be 

ions are also transmitted and we have measured the transmission probability T, 

the energy loss and the angular distributions for transmitted ions over a range 

of target thicknesses and bombarding energies. Figure 15 illustrates a 

typical energy-loss spectrum and angular distribution. Figures 16--20 show 

data obtained in our various transmission measurements. We have also made one 

measurement on the transmission of 2-MeV H2+ through an 11 ~g/cm2 carbon foil 

- .. --· ·-s -- ·--·---·-·· 
apd f_or this our value of T = 1_.4 X 10 ... is. in reasonable agreement with that 
- -·· . -. . . -- 10 . - . . -5. .. --· -
~r __ the Lyon group . __ ( T =:= 1.2 x. 10 ) • . .... 

In contrast with results obtained10~-l2 for H
2
+, the transmission yield 

of 4HeH+ for a given target thickness is strongly energy-dependent (Figs. 16 and 18). 

11 4 . + 
Other measurements with 300-keV H.eH have E;hown 

no d·etectable transmission (i.e. T < 10-7) even for the thinnest carbon targets 

used (6 ~g/cm2 ). This result, if taken in conjunction with the data reported 

here (Figs. 16 and 18) indicates that the transmission yield must drop by at least 

a factor of 20 as the bombarding energy is reduced from 800 keV to 300 keV. The 

implied sudden reversal of the energy dependence observed in our results 

warrants further investigation. 

4 + Comparison of the transmission for 3.0-MeV HeH and 2.4-MeV 

3HeH+ is of interest. At the velocity corresponding to these energies, both the 

He and H ions should be almost fully stripped. This means that the decelerations 

4 ++ + for He and H due to the target's stopping power should be almost identical. 

On the other hand, the 3He-t+ions should decelerate more rapidly than their 

+ partner H and one might conjecture that this should result in markedly reduced 

transmission as-compared with ~he 4
HeH+ case--especially for thicker targets. 

J l 
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This type of argument has been advanced to explain the enormously different 

behaviors of the transmission yields for H + and HD+ as functions of the target 
2 

thickness. In striki~g contrast to the H
2
+ and HD+ cases, the t;ansmission yield 

3 + for HeR is not much lower (typically only a factor of two.or less) than that for 

4HeH+ and s~ows a very similar dependence on target thickness. 

As can be seen.from Figs. 4 and 7, for target dwell times typical of 

our experiments (e.g. 5 fsec) the internuclear distance in a Coulomb exploding 
.If 

4
HeH+ ion teaches about 4 R and the relative velocity of separation is already 

about 90% of the final value. It is therefore difficult to see how a transmitted 

molecule could arise from the capture of two electrons at the foil exit by such a pair 

of rapidly separating nuclei. Multiple scattering should have little effect on 

these considerations. Figure 21 shows in more detail how an initial value 

of r develops in the first few fsec of the Coulomb explosion. 
0 

It may be that a quantum mechanical treatment of the problem is more 

appropriate. The uncertainty principle indicates that there may be a significant 

probability of being able to "borrow" an energy of a few eV for a few fsec. 

We are presently making detailed quantum mechanical calculations of the probability 

as a function of time for transitions of the two nuclei from a state 

corresponding to the nuclear motion in the ground vibrational state into a state 

4 + 
corresponding to the nuclear motion in one of the vibrational states of HeR • 

Preliminary estimates indicate that this probability multiplied by a further 

estimate of the probability for capture of two electrons at the exit may account 

reasonably well for our measured transmission yields. 

I 
I--
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If we make the approximation that the transmission can be expressed 

in this way as the product of two probabilities, one P(t) depending on the 

dwell time t, and the other ~(v) depending on the beam velocity v, it is 

possible to bring the measured transmissions onto a single curve 

P(t) = T/~(v). This is demonstrated in Fig. 22. The required function ~(v) 

is shown in Fig. 23. It has been normalized so as to facilitate comparison 

13 with the value ~1 (v) given by Marion and Young for the probability of Li 

ions emerging singly charged from a foil. 

4 . + 
The fact that the stopping power measured for transmitted Hell 

ions (Fig. 19) is. almost independent of target thickness is in harmony with 

the above discussion. It suggests that the internuclear separation does not 

vary much with dwell time inside the target for those ions that.are transmitted 

and this would account for the ability to separate T into functions of 

t and v (one would expect ~(v) to depend rather sensitively upon the 

internuclear separation). 

We have calculated the stopping power for transmitted 4HeH+ using an 

. 14 
expression derived by Brandt et al •. : 

s (t) 
c 

(e2w 2tv2) 0 (2 2/h )[Z 2 2 2 Z -G( )] P Nn mv wp 1 + z2 + z1 2 t • 

Here G(t) is a factor describing the average effects over a dwell time, t, 

of the interference between the two wakes of the projectiles in a dinuclear 

cluster. As described above, we believe that it is a good assumption for 

transmitted ions, that the internuclear separation remains fairly constant 

inside the target. Also, for these ions, we believe the separation remains less 

than the screening distance a = v/w • 
p 

Under these conditions the value of G 

(2) 



, 
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is about 0.5 and independent of the dwell time. That is, Eq. (2) predicts 

S = 7 S , where S is the stopping power .of a proton having the same 
c p p 

velocity as the cluster. 

The five data points shown in Fig. 19 for an 8-~g/cm2 target were fitted 

with the curve shown, using the expression S = Z ff 2s . The other three·curves 
c e p 

were obtained by normalization using the ratios of target thicknesses. The 

ratio (Zeff
2
/7) is shown plotted as a function of v in Fig. 24. A similarly 

derived curve is shown for Li ions, which may be regarded as the united atom 

(r = 0) limit. The fact that the 4HeH+ points lie below the curve .for Li 

presumably reflects a reduced contribution of close collisions to the stopping 

power at low velocities. 

The relation of the widths of the angular distributions for transmitted 

4HeH+ ions to the target thickness (Fig. 20) is further evidence suggesting 

that these ions remain tightly correlated during their passage through the 

target. (For multiple scattering of monatomic beams, one expects these widths 

to vary as the square root of· the target thickness.) 

V. WORK WITH OTHER l10LECULAR-ION BEA11S 

Figures 25-27 show some representative examples of results obtained 

for the foil-dissociation of molecular ions other than H~H+. A comparison 

between the experimental and calculated results is given in Table III for some 

of the molecular dissociations discussed here and shown in the various figures. 

It can be seen from Table III that the values of r required to fit the 
0 

experimental data all lie close to their corresponding value of r • This e 

suggests that the molecules incident on the target are almost always in their 

ground vibrational states. It is a·reasonable assumption that many of these 

1'-( 
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molecular ions would b~ produced in the ion source in such a way tr~t they 

populate a range of excited vibrational states. One would expect these states 

• 
to have natural lifetimes in the millisecond range i.e~ long compared with 

I 
the flight time from the ion source to the target which is typically 

microseconds. The reason for the depletion of excited states for the beam 

arriving at the target is uncertain but probably it is caused by collisional 

de-excitation and dissociation induced by the residual gas in the accelerator 
r 

tube and fiight tube to the target. These proce$ses can ·reasonably b.e 

expected to be more pronounced for more highly excited states. We have 

certainly noticed the rapid disappearance of molecular beams if the 

accelerator vacuum is allowed to deteriorate. There may also be a large degree of 

collisional de-excitation in the narrow exit canal of th~ ion source. 

+ + We have checked that the results obtained on the dissociation of H2- and H .. 3 

ions do not depend on whether the ion-source gas is pure H2 or a mixture of 

90% He and 10% H2• 

It is worth stressing here that a simple calculation of r from the 
0 

angular separation 68 can be very misleading. For example, in the case of 

the H
2
+ data shown in Fig. 26, if one were to compute r

0 
= 4e

2
/E(68)

2
, the 

result would be r = 1.26 R. This is 17% higher than the value r = 1.08 R 
0 0 

given by more detailed calculations (Table III). The difference is significant 

and has been the source of some misunderstanding in the past. The higher value 

would be consistent with the value (1.29 R) expected for H2+ ions populating 

a wide spectrum of vibrational states with occupation probabilities derived 

dl2,15 h . h' from the Franck-Condon principle and it has been assum_e t at t l.S spectrum 

of vibrational states persists during acceleration. · The present results show 

clearly that this is not the case. (See also the discussion in Sec. 3). 

! .) 
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The values of z1 and z
2 

(inside the target) used in the calculation are 

those required to fit the stopping powers. The calculated values of 6E and 

66 (Table III) agree well with the measured values with the notable exception 

+ of th9se for neutral hydrogen atoms detected from OH • This indicates (unlike 

+ the cases for HeR --Tables I and II) that the Coulomb explosion continues on into 

the vacuum downstream from the target for some time (about 2 fsec on the average) 

before neutralization occurs. 

As illustrated in Fig. 28, we have also observed the transmission 

of OH+ through thin foils. Detailed work on this is still in progress, but it 

is interesting that the effective charge derived from the energy-loss data 

shown in Fig. 28 is only 2.3. (For comparison, oxygen ions of the same 

velocity have an effective charge of 3.6). This result is consistent with our 

observations on the effective charge of transmitted 4HeH+ ions (Fig. 24). 

VI. A COMPARISON OF HOLECULAR-ION DISSOCIATION IN GASES AND FOILS 

In contrast with the situation in a solid foil target, the great majority 

of dissociations of molecular ions .in gaseous targets are expected to 

involve only gentle collisions in which relatively few, if arty, electrons are 

lost. The differences that ensue for the zero-angle energy spectra measu~ed ~o~ 

the break-up fragments are illustrated in Figs. 29-31 for the cases o~· 

3 + + 12-MeV OH-, 3.7-MeV HeR and 2.8-MeV OH • 

The proton spectra shown in Fig. 29 are for the stripping of 12-MeV 

OH- in carbon foils of various thicknesses as well as in N2 gas of about 

-3 10 torr. Also shown is a representa~ive calibration run and a proton 

spectrum following the acceleration sequence: H- + H+. This is believed to 



... 
18 

represent the purely instrumental response and exhibits the high-vJltage 

stability of the Pelletron accelerator, an essential feature of this experiment. 

The line shape and width is consistent with the magnet and slit geometry 

assuming an inherently monochromatic beam. 
. 2 

For the thinnest (2vg/cm ) carbon 
! 

foil, most of the Coulomb explosion occurs downstream and outside of the foil. 

The proton energy spectra then exhibit the usual two asymmetrically populated 

peaks separated by an amount consistent with the expected mean charges of 
f! 

6 and 1 for the oxygen and hydrogen ions respectively. As the foil thickness 

is increased, multiple scattering begins to play a dominant role. 

For the OH- st.ripped in a gas, only a slight brondcning of the 

proton-energy peak is observed. From the broadening we estimate the dissociation 

energy to be ~10 eV, very much smaller than the value (~100 eV) found for 

foil stripping. This radically different behavior can be made plausible if 

we assume that the electrons are stripped off the ions sequentially, one after 
"} 

the other. We would then expect the molecule to go through a short sequence of 

stable ionic configu:t:alluus as it is being stripped until it reaches the first 

unstable configuration and then it dissociates with an energy that one would 

expect to be of the order of a few eV. The oxygen ion will eventually be 

-8 stripped further but this takes so long (~10 s) that the partners will already 

have moved far apart by that time and they will not influence each other any more. 

In a Tandem accelerator it is frequently necessary for reasons of 

beam intensity to accelerate negative heavy molecular ions in the first stage 

of the machine. Obviously effects of the type just described have a large 

influence on the quality (energy spread and angular spread) of the heavy-ion 

beam emerging from the accelerator. It is therefore important to understand. 

I 



these effects, particularly with the present emphasis on the production of 

intense high-quality heavy-ion be~s.-

The results shown in Figs. 30 and 31 pertain to lower-energy beams. 

Here we have been able to resolve the peaks due to the Coulomb repulsion 

between the proton and the various charge states of its heavier partner. As 

expected the spectra are· symmetric--we see no evidence of any wake effect 

in a gas. One observes clearly the preference for low charge states in the 

gas case. · The separations of the various proton-energy peaks are proportional 

(as expected) to z2
1

/ 2 , where z2 is the charge state of the heavy partner. 

VII. DETERMINATIONS OF THE STRUCT,URE OF H + 
3 

There have been a number of calculations carried out on the structure 

+ of H
3 

and there is general agreement that the ion should have an equilateral 

triangle configuration, although the collinear form is claimed also to be 

stable but with a lower binding enei:gy. ·The calculat:ect 6 value ot the proton 

equ.{fibrium separatio·n. i~ t-he· tria~gui~r config~:xration i._~ de = 0.87 R. Except for 

.the two measurements reported here and a related one at the University of 

5 Lyon, there has been, to our knowledge, no experimental determination of the 

+ structure of H
3 

• 

The determination at Argonne consisted of measuring a "cross" for 

H
3
+ dissociating in a thin carbon foil (Fig. 32). From these data it can 

be seen that the beam fraction incident in the collinear form is very small. 

[The collinear struc·ture would give rise to a large central peak in the "cross" with 

an intensity (integrated over solid .iuigle) equal ·to that of one.of. the outer peaks.] 

For an equilateral structure, the data of Fig. 32 give a value d
0 

= 0.97 ± 0.03 R. 
Again we see that this is consistent with only the ground vibrational state 
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being populated in the beam incident at the target. 

At the Weizmann Institute the three protons from foil-dissociated 

H
3
+ ions were detected photographically (Fig. 3). Some typical photographs 

are shown in Fig. 33 together with reconstructed normal projections. Most 

of the recorded proton groups are triangular in shape. A few collinear or near 

collinear configurations are seen but are quite consistent with a triangular 

projection. An analysis of 350 photographs was carried out under the 
tl. 
J 

assumption that all the observed shapes are projections of equilateral 

triangles. The distribution of the triangle sides derived in this way is shown in 

Fig. 34. The observations appear to be entirely consistent with the assumption 

of a triangular shape and, in fact, rule out any major components of a different 

shape. The average side was found to be 1.2 ± 0.2 R, in reasonable agreement 

with the measurements presented above. The relatively large error in this 

particular measurement is due almost entirely to the uncertainty in the 

distance between the stripper foil and the photographic emulsion. The 

width of the distribution in Fig. 34 is consistent with the width observed 

in the Argonne experiment. 

!1 
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TABLE·r. Comparison of experimental and calculated reGults for 

. 4 + 3 + dissociation products from 3.63-MeV HeH and 2.9-MeV HeR bombarding 

a 160-X carbon foil. • 

4 + 3. 63-MeV HeH 2.9-MeV 
3HeH+ 

Outgoing ~E M ~E M 
Particle (keV) (mrad) (keV) (mrad) 

expt. 9.7 6.5 
Ho 

'! 

I 9.4 .5. 9 

calc. 9.7 5.8 9.6 5.8 

expt. 17.8 11'.9 17.2 11.4 
H+ 

calc •. 18.0 12.1 17.4 11.8 

expt. one peak 
i 

one peak 
·o He 

calc. 8.7 1.3 8.7 1.8 

He+ 
expt. ]3.8 7..1 l2.9 2.8 

calc. 14.0 2.4 13.6 3.1 

expt. 16.9 2.7 16.7 3.7 
++ He 

calc. 17.5 3.0 16.9 3.9 . 



Target 1 

carbon 

carbon 

carbon 

1/ ...... 

TABLE II, Comparison of measured and calculated results fQr the break-up fragments produced in the foil-induced dissociation of 4aeH+, 

Detected 

particle 

Ho 

H+ 

4Heo 

4ue+ 

4ae* 

Ho 

u• 

4Heo 

4He+ 

4ue* 

Ho 

8+ 

4Heo 

4ae+ 

4ue* 

t.E (keV) 
calc. 

4.1 

7.5 

3,8 

5.9 

7,5 

5.1 

6.7 

4,9 

. 5.7 

6,5 

5.4 

7.9 

5,2 

5.6 

6.3 

0,85-MeV 4ueH+ 

expt. 

5.2 

7.5 

5.7 

6.0 

4.9 

6.2. 

. 3,9 

4.3 

2.5 

5.4 

2.2 

A9 (mrad) 
calc, 

7.4 

"17 .6 

3.7 

4.9 

14.1 

3.5 

9.9 

13,0 

ex pt. 

12.1 

21.3 

12.7 

20,1 

11.9 

AI! (keV) 
calc, 

7.9 

13.0 

7.4 

10.4 

12.7 

10.1 

12.3 

9.8 

10.9 

12.0 

10.4 

11.9 

10.1 

11.1. 

11.7 

ex pt. 

9.0 

13.1 

10.1 

12.6 

10.7 

12.3 

9.0·" 

10.2 

10.0 

11.6 

7.2 

8,7 

A& [mrad) ' 
calc. 

8.1 

15,5 

1.9 

3,1 

3.9 

10.6 

14.1 

2.4 

3.0 

3,5 

10.9 

13,4 

2.9 

3.2 

expt. 

8,4 

15.5 

2.6 

3.3 

12.1 

15.0 

5,1 

1.7 

11.3 

14.7 

5.1 

3,63-MeV HeR 

calc. 

9.7 

18.0 

8.7 

14.0 

17.5 

14.3 

17.9 

13.6 

-·.16.6 

17.4 

15.2 

17.7 

4 [keV) 
expt. 

9.7 

17.8 

13,8 

16.9 

13.7 

17.9 

13.1 

15.7 

13,7 

17.3 

14.6 . 

15.9 

17 .l 

13,2 

14,3 

calc. 

5,8 

12.1 

1.3 

2.4 

3.0 

8.7 

11.7 

2.1 

2.9 

9.3 

11.5 

2.2 

2.5 

2.8 • 

... 

. . :. ~----·-..: 

AG. [mrad) 
expt. 

6.5 

11.9 

2.1 

2.7 

8.2 

11.5 

1.6 

2.4 

8.2 

11.8 

2.5 

1.6 

•. 

i '. 
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.TABt.E III. Comparison of experimental and calculated results for the dissociation of various molecular ions in ·carbon foils. 

·-
Molecular Beam Detected Fig, liE (keV) M (mrad) re ro zlz2 

ion energy ion u Expt. Calc. Expt. Calc. X .x (inside target) 

MeV 

' 
H+ 

2 3.0 H+ 26 11.7 11.5 3.9 3,9 1.06 1.08 1.00 

3HeH+ 1.6 H+ 10 12.6 12.5 14.8 15.1 0.77 0.79 1.78 

4HeH+ 2.0 H+ 10 13.1 13.0 15.5 15.5 0.77 0.79 l. 79 

3H + 
e2 3.0 3He++ . 25 24,0 24,2 7.5 8.1 1.08 1.10 3.72 

CH+ 3.25 H+ 25 12.2 12.7 1.13 1.15 2.86 
"i, ., 

OH+ Ho ·~ 3.7 27 1.03 1.05 3.05 "' 11.5 7.0 21.5 10.4 

OR+ 3.7 H+ 27 13.4 12.6 28.6 24.9 1,03 1.05 J.os 
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FIGURE CAPTIONS 

Fig~ 1. Schematic experimental arrangement used at Argonne's 4-MV Dynamitron 

accelerator. 

Fig. 2. Schematic experimental arrangement used to study the dissociation of 

OH- at the Weizmann Institute. 

Fig. 3. Schematical experimental arrangement used at the Weizmann Institute 

+ to determine the structure of H
3 

• 

Fig. 4. Time development of· the simple Coulomb explosion of the nuclei in 

4HeH+. The top scale gives the distance travelled by the beam 

in times corresponding to the bottom scale assuming a beam energy of 

2.0 MeV. 

Fig. 5. Joint distribution in energy and angle (relative to the beam direction) 

expected for protons arising from the simple Coulomb explosion of 

4 + HeH ions incident at an energy of 2 MeV. The Coulomb explosion is 

assumed to start at the entrance surface.of an 85-R thick carbon foil. 

The two single-parameter distributions shown .are those for zero shift 

in energy and angle. They thus correspond to cuts (a "cross") through 

the center of the ring pattern. 

Fig. 6. "Ring" pattern (see text) measured for pr.otons emerging from an 85-R 

carbon foil bombarded by 2.0-MeV 
4

HeH+ ions. There are about 10,000 

counts in the highest peak. 

Fig. 7. "Cross" (see text) measured for the protons arising from 3.5-MeV 

4Helt ions bombarding a 200-R t.hi~k carbon foil. 
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F · 8 "C " f H , H0
, H+, 4He0

, 
4 + d 4H ++ · · f ~g. • rosses or He an e ar~s~ng rom 

3.63-MeV 
4

HeH+ ions bombarding a 160-R thick carbon foil. 

" " Ho . . f 3 4 + Fig. 9. Crosses for ar1s1ng rom .63-MeV HeH ions bombarding 

carbon foils with thicknesses a) 3.2 b) 7.2 
2 

and c) 10.4 ~g/cm • 

4 + . The data are normalized for equal numbers of incident HeH 1ons. 

4 + Fig. 10. "Crosses" measured for protons arising from a) 2.0-MeV HeH 

3 + 0 and b) 1.6-MeV HeH ions bombarding a 160-A thick carbon foil. 

Fig. 11. Velocity dependences of the separations in energy (6E) and angle (66) 

f h . k . II II f Ho H+ 4H + d 4 +!- . . o t e pea s seen 1n crosses or , , e an He ar1s1ng 

4 + . from HeH 1on bombardment of carbon foils with thicknesses 

2 3, 7 and 10 ~g/cm • 

Fig. 12. Potential distribution [Eq. (1)] associated with the polarization 

wake of a 400-keV proton traversing carbon (~w = 25.0 eV). Distances 
. p 

are shown in units of A = 2na = 14.5 R. 

Fig~ 13. Calculated "ring" pattern ·for protons emerging from an 85-R carbon 

4 + foil bombarded by 2.0-HeV HeH (c.f. Fig. 6). In the calculation, 

the hydrogen ions are assumed to be singly charged both inside the 

target foil and after leaving it. The helium ions are assumed to 

be doubly charged inside the foil and 92% doubly and 8% singly 

charged after emergence from the foil (Ref. 7). 

Fig. 14. Potential curve for the ground electronic state of 4HeH+ as calculated. 

6 by Kolos and Peek. The squares of the wavefunctions for·the two 

lowest .vibrational states are indicated schematically. 

Fig. 15. a) Energy-loss spectrum and b) angular distribution· for 1.2-HeV 

4HeH+ ions transmitted through a 3.7-~g/cm2 carbon foil. The peak 

at ~E = 0 is due to ~ons transmitted through pin-holes in the 

target foil. 
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Fig. 16. 

Fig. 17. 

Fig. 18. 
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Transmission yield as a function of carbon target thickness for 

HeH+ ions • 
. • 

Transmission yield as a function of target dwell time for HeH+ 

1 
I 

The transmission yield as a function of bombarding energy for 

4HeH+ ions incident upon an 8-~g/cm2 carbon foil. 

ions. 

Fig. 19. The energy loss shown as a function of bombarding energy 

Fig. 20. 

4 + /j 
jor HeH ions transmitted through carbon foils. The solid line 

shown for the 8 ~g/cm2 target is a fit to the experimental points 

and the lines drawn for the remaining targets are then obtained 

by normalization according to target thickness. 

4 + Widths (fwhm) of the angular distributions measured for. HeH ions 

transmitted through carbon foils. The data are shown plotted 

versus the square root of the target thickness. 

Fig. 21. Pl-ot of the inter.nnc.J e;:n:- separation r(t) as a function of 

4 + r = r(O) for the Coulomb explosion of HeH • The distributions of 
0 

Fig. 22. 

r are given schematically for the ground vibrational state and for. 

some postulated high vibrational state (or set of states). It is 

assumed here that ~(0) = 0 and that z1z2 = 2. 

4 + The transmission yield T (Fig. 17) for HeH ions divided by 

~(v), where the function ·~(v) is as shown in Fig. 23. The ratio 

T/~~v) is shown plotted as a function of target dwell time. 

Fig. 23. The function ~(v) required to bring the transmission yields 

+ . for HeH onto a single curve (Fig. 22). The value of' Hv) has 

4 + 
been normalized at a HeH energy of 1. 2 MeV to the singly charged 

fraction ~1 (v) for lithium ions emerging from a solid
13 



. (dashed line) • 4 + 
The solid points are for HeR • 

is for 2.4-MeV 
3

HeH+. 

The open circle 

Fig. 24. The normalized effective charge functions for transmitted 4HeH+ ions. 

Fig. 25. 

Fig. 26. 

Fig. 27. 

The solid line gives the similarly derived result for Li ions. The 

dashed line represents the limit at high velocities corresponding · 

to fully stripped projectiles~ 

i Zero-angle energy spectra for a) protons from 2.97-MeV OH
2+ bombardment 

of a 2.4-~g/cm2 
carbon foil, + b) protons from 3.25-MeV CH 

2 3 _,_,_ 
bombardment of a 2-~g/cm carbon foil and c) He ions from 

3 .• 0-MeV 3He2+ bombardment of a 2.5-~g/cm2 carbon foil. 

+ "Cross" for protons arising from 3.0-MeV H
2 

bombardment of a 
. 2 

3.3-~g/cm carbon foil. 

Zero-angle energy spectra for a) protons 0 
and b) H from 3.7-MeV 

+ 2 Oil bombardment of a 3.3-~g/cm corbon foil. 

Fig~ 28. a) Energy-loss spectrum and b) angular distribution for 2.2-MeV 

OH+ ions transmitted through a 120-R thick carbon foil. The peak 

Fig. 29. 

at ~E = 0 is due to ions transmitted through pin-holes in the target 

foil. 

+ . + Oscillograms of H current vs. magnet current (w1th H current 

increasing downward, magnet sweep current increasing to the right). 

la: OH 
2 

stripped in carbon foil of 2 ~g/cm • lb: ditto, 5 ~g/cm2 • 

lc: ditto, 10 ~g/cm2 • This run was also employed for calibration, 

and the various sweeps corresponding to different values of the base 

magnetic fields. The base fields for the two upper sweeps are, 

from left to right: 4007.5 gauss and 4002.5 gauss. 2a: ditto, 
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2 2 2 

20 ~g/cm • 2b: ditto, 50 ~g/cm • 2c: ditto, 100 ~g/cm • 

3a: OH stripped in nitrogen gas. 3b: calibration for gas stripping, 

the sweeps correspond to base fields of: 4009.6, 4004.6 and 

3999.6 gauss. 3c: H- stripped in 10 ~g/cm2 carbon foil, the sweeps 

correspond to base fields of 5524.3 and 5517.9 gauss. 

Fig. 30. Comparison of the zero-angle energy spectra for protons from 

3,7-MeV 3HeH+ bombarding a 140-R carbon foil and an Ar gas target 

-5 at a pressure of 2 x 10 torr. 

Fig. 31. Comparison of the zero-angle energy spectra for protons from 

+ -7 2.805-MeV OH bombarding a) the residual gas (10 torr) in the 

scattering chamber and b) a carbon foil target 3.3 ~g/cm2 thick. 

Fig. 32. "Cross" for protons from 2 .1-MeV H
3 
+ bombarding a 2. 3-~g/cm2 

carbon foil target. 

Fig. 33. Photographs recorded with the apparatus shown in Fig. 3 of the 

protons from the break-up of 2.2-MeV H
3
+ in thin (2-4 ~g/cm2 ) 

carbon foils. The tilt ·.:·angle of the emulsion was 30° (see Fig. 3). 

Underneath each photograph is a reconstructed normal projection of 

the exploded molecular ion. 

Fig~ 34. The distribution of triangle sides derived from 350 photographs 

on the assumption of an equilateral triangular shape for all 

observed H
3
+ ions. 
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