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I_NTOO DUCT TON

The Workshop on '"Physics with Fast Molecular-Jon Beams" was held in

the Physics Division, Argonne National Laboratory on August 20 and 21, 1979.

The meeting brought together representatives from several groups studying, the

interact i on.'-; ol last (MeV) molecular-inn beam.1-; with matter. Tlih: H U M ol

physics has seen a rapid development in the past Cow years and it was therefore

considered appropriate Co arrange an informal meeting bringing together many

of lho leading practitioners of the art. Several participants attended following

the Bin International Conference on Atomic Collisions in Solids held in

Hamilton, Ontario, August lj-17, 1979. This permitted the Argonne Workshop

to acquire quite an international flavor— there were 35 attendees from

9 different countries.

By keeping the Workshop program sharply focussed on current work

related to tlie interactions of fast molecular ions, it was made possible for the

participants to engage in vigorous and detailed discussions concerning such

specialized topics as molecular-ion dissociation and transmission, "wake"

effects, ionic charge states, cluster stopping powers, beam-foil spectroscopy

and electron-omission studies with molecular-ion beams, molecular-ion structure

determinations, etc.

iiie program was arranged so as to have a series of informal

presentations from the various groups represented at the Workshop. It was left up

to the members of these groups to organize their presentations and to choose

their spokesmen.

The proceedings are a "minimum effort" proceedings. That is to say

aJniotit no effort has been invested in editing. The participants wore asked

to bring with them to the Workshop camera-ready text and diagrams (or copies

of their slides and "Vugraph" transparencies). This has allowed us to put

together in a short time a collection of contributions which represent the

essence of the Workshop. We hope and believe that the non-uniformity of these

conlributions (ranging from sets of Vugraph copies to finished papeis complete

with references, figure captions, etc.) will be more than offset by the benefit

to the community of interested scientists in receiving these proceedings rapidly.

D. S. Gemmell
P. J. Cooney
E. P. Kanter
I. Plesser
B, J. Zabransky

October 1979
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Measurements of the dissociation of 11.2-MeV OH

and the study of the induced polarization in solids

A. Breskin, A. Faibis, G. Goldring, M. Hass, R. Kaim,

I. Plesser, Z. Vager and N. Zwang

Department of Physics, Weiimann Institute of Science,

Uehovot, Israel.

ABSTRACT

Combined energy and angle distributions of protons resulting

from Coulomb "plosion of 11.2 McV C!1." in i-rbon foil:, a.wu been

measured in simultaneous coincidence with different emerging oxygen

charge-states. The measurements were made with targets of thickness

o Q

Tanging from 80 A to 740 X. The proton distributions show strong

asymmetry effects due to the electronic wake produced by oxygen atoms

in the solid, and ther.e is also a marked dependence of the shape of

the distributions on both the target thickness and the oxygen charge-

state downstream from the target.

The interpretation of molecular ion interaction with solid

through conventional stopping power theories is criticised.

Comparison of experimental data to simulations of proton velocity

distributions after 11.2 MeV OH dissociation in carbon foils supports

this criticism. A different description of the average potential

around a moving ion in solid due to electronic polarization is given.



The polarization of the Fermi sea of electrons is described by the

coulomb distortion of the single electron wave functions due to

scattering on the moving ion. The use of such potentials for the

simulation of experiments agrees favourably with the measured data.

1. INTRODUCTION

It is now well established that when a fast molecular ion is

incident on a thin foil target, the distributions in energy and angle

of break-up products detected downstream from the target are

sensitive to wake effects inside the solid . Here we report

results of an experiment in which measurements of distributions of

protons from the break-up of OH were used as a means to probe the

electronic charne-density in the vicinity or the oxynen atom* ns

they pass through the target. Measurements in coincidence with

emergent oxygen charge states, and use of a range of target

thicknesses, allow the effects of oxygen-proton interaction inside

and outside the target to be differentiated. The experiment is

therefore specifically designed to provide a stringent test for the

validity of models used to describe the effects of electron wakes

in the target.

2. EXPERIMENTAL

A high-energy molecular OH beam was produced in a Pelletron 14 UD

accelerator by stripping off 0H~ in nitrogen gas at the terminal. A

collimated beam of 0H+ at an energy of 11.2 MeV was incident on a carbon

target, and fragments emerging from the target entered a magnetic spectrometer



(see Fig. 1). A horizontal spectrometer entrance slit was set.

with an opening of ±0.8 mrad, which restricted entrance to the

spectrometer to only those protons whose trajectories were nearly

in a horizontal plane parallel to the magnetic field. Oxygen ions

emerged from the target with much smaller divergence than the protons

and were therefore not affected by the slit .

The detection system consisted of two independent gas detectors:

a detector for protons placed in the focal plane of the spectrometer

and a detector for the oxyge: s inserted between the pole pieces

of the magnet. The oxygen detector was a position-sensitive

proportional counter comprising an anode wire and parallel delay

line. The position of an incident oxygen ion was obtained from the

time difference between signals from the wire and from one of the

edges of lite uclay-iine. The lmm hvwl resolution of the counter

was insufficient to distinguish energy changes due to the Coulomb

explosion, but quite adequate to resolve different charge-states of

the oxygen ions.

The proton detector (described in detail in ref. 4) is composed

of two independent parts mounted in a common vessel: a drift chamber

which provides a bidimensional measure of the position of the

incident particle and a parallel plate avalanche counter which

provides a fast timing signal. The drift time of electrons produced

by an incident proton gives a measure of its position along the

spectrometer focal plane, and hence of its energy (E ). The

orthogonal position, obtained by extracting delayed induced signals

from a delay-line, is proportional to the angle (0 ) of the proton



trajectory in the piano defined by the entrance slit to the

spectrometer. The resolution of the drift chamber was about 0.5mm

PWHM in both dimensions. The total experimental angle and energy

resolution are (FKHM) 0.35 mrad and 0.5 keV.

The bidimensional counter was calibrated with respect to both

angle and energy in a separate measurement using a beam of 0 from

the accelerator. Once the energy dimension had been calibrated,

the thickness of carbon targets could be determined by measuring

the energy loss of oxygen ions in each target. The energy loss was

converted to target thickness using the stopping power data of Booth

and Grant for oxygen in carbon.

3. RESULTS.

Fig. 2 shows an oxygen charge-state spectrum obtained with the

position sensitive proportional counter, demonstrating that different

emergent charge-states were well resolved from one another. The

angle and energy of each proton on the bidunensional focal-plane

counter could therefore be measured in coincidence with the

corresponding oxygen ion in its emergent charge-state. In Fig. 3 we show

angle/energy spectra of protons in coincidence with four different

o
oxygen charge-states and for a target thickness of 80 A, while in

Fig. 4 spectra of protons in coincidence with 0 are compared for

different target thickness.



In addition to the measured quantities AE (the change in energy due

to the Coulomb explosion) and 6 (the angle of trajectory relative

to the beam direction), the axes in Figs. 3 and 4 have been

labelled according to the components of the final velocity of the

protons in the rest frame of the center of mass of the molecules.

A striking feature of the data in Figs. 3 and 4 is the very

pronounced backward peak (backward direction in the CM frame) in the

_ spectra, and the almost complete absence of a forward peak.

It can be seen in Fig. 3 that the total size of the ring in

velocity space, i.e. the total magnitude of the Coulomb explosion,

increases with increasing oxygen charge-state q. This dependence

can be represented by plotting,for different targets, the energy

difference 6E between the forward and backward peaks (6 ** 0°) as a

function of q Such a plot is shov.Ti in Fig. 5 and, as expected ,

the dependence of 6E on q is weaker for thicker targets since in

this case most of the explosion occurs inside the target and the oxygen

~ ion acquires a well'defined average charge. For thicker targets there is

"' reduction in both the magnitudeTof 6E and its dependence on 'emergent charge

states which we succeeded to "reproduce ~ih'~simulation calculations. This former

reduction is mainly due to "larger multiple scattering angles in thick. • targets.

An interesting aspect of the proton spectra in Fig. 3 is the

dependence on q of the intensity of the backward peak relative to

the "sides" of the distribution (AE *v 0): the relative intensity

of the peak is clearly less for smaller q. The effect is strongest

o
for the 80 A target as shown in Fig. 3, but it is also seen for

thicker targets. It should be emphasized that what is observed here

is a dependence on the charge-state outside the target of a peak

which is caused by wake effects inside the target.



The data presented here provide a detailed picture of the

effect of the oxygon wake on the proton distributions. A reliable

modsl for the wake should be able to reproduce all the main features

of the data, including the dependence on target thickness and

emergent oxygen charge-state.' In what follows we describe a

study of the shape of the proton velocity distributions, concentrating

our attention on the shape of the backward peak and its relation to

the physics of the ion-solid interaction. Several models will be

examined for the electronic density following the moving ions in the

solid. For each model we will derive the average potential and the

average forces due to the corresponding "electronic wake".

These forces are then used in a computer simulation of the

experiment which is compared with the data in figure 4.

4. The coT'.'tcr simulation.

The computer simulation solves the classical equations of

motion for the proton and the oxygen under the following assumptions

on the forces and initial conditions.

I. When the molecular ion enters the foil its orientation

is random. The nuclear separation is distributed as a gaussian with

mean value ro=1.05 8 and a standard deviation a=0.17 A. The initial

rotational and vibrational velocities are ignored.

II. In the foil, the proton has a unit positive charge and the

oxygen has an average charge Zfiff (between 5.6 to 6.1). The value of

Z ,f was chosen such that the calculated stopping power for a given model of

the forces agrees with the experimental stopping power. The two ions

repel each other with a Coulorabic force and are also influenced by their own

and their partners electronic wake forces.



III. Outside the foil, the oxygen ions obtain their final

charge states and the proton-oxygen pair goos into a pure Rutherford trajectory.

We consider here specifically an emergent oxygen of charge state 6+.

The computed velocity distribution of the protons is smeared to account for

the experimental angle and energy-resolution and for the multiple

scattering in the target.

5. Potentials and forces derivable from dielectric functions.

Almost all theories of heavy ion stopping power are based on

first order perturbation theories'' '. For such theories the response

of a solid medium to a perturbing projectile is linear. Thus, the

polarization charge , potential and field can be formally expressed

in terms of a dielectric function e(k,w) (ignoring anisotropies)

where kjio STP Fourier variables <"onju£at? 1"o space x' T H tinie t.

The use of such fields for the interpretation of the backward peaks

in the dissociation of molecular ions in solid could be erroneous.

The reason is that although the electron-ion cross-section dependence

on momentum transfer is well described by the Born approximation,

the Born scattering wave function can deviate strongly from the true

scattering wave function near the scattering center. Jut the polarization

charges near the moving ion are determined by the square of the

true wave function near the scattering center. Nevertheless, it is

instructive to examine the applicability of stopping power theories

for the interpretation of molecular ion dissociation in solids.

The Fourier transform of a charge density of a point charge

Z .. jnoving along the z-axis with a velocity v is given by:



The potential due to the polarization of the medium is

therefore:
[ ik»I eeft I e , 1 , •. ,3.

[ 1 ] d k

where x = x' - vt is a set of coordinates which moves with the

projectile. The potential 4>M is stationary with respect to

the projectile.

6. The simple plasma wake.

A comparison of theoretical considerations with detailed

experimental proton distribution was carried out by the Argonne

(31group . The ̂ roton distribution after the dissociation of

+ o
2.0 MeV HeH in 85 A of carbon foil was measured and simulated

with the use of forces derivable from the classical plasma

dielectric function.

eCaO = 1 - tOp/ui2 (3)

where UJ =C4ime /m) is the plasma frequency due to a density of

electrons-n.

The expression for the potential

Zeff ekp i s i n ^ p « [*2+y2+(z*S)2+(fi/mv)2r)j d? (4)

(k «w /v) is a slight modification of eq. (2) which takes into

account close electronic collisions fsee ref. 3). Fig. 6a shows

the potential 4>($) of eR- (4). Fig. 7 shows an application of

this model to simulations of the proton velocity distributions



.-—--.- - - —. - -J_ . . . . . . . . .

after 11.2-MeV OH. dissociation in carbon targets of four thicknesses.

This should be compared with the experimental results given in

fig. 4 . The two thicker targets

simulations (7(c) and 7(d)) exhibit extra backward peaks which are

very different from the observed backward peaks. It seems that

', a shorter range potential is needed to keep the backward particles

together for the longer time required by the thicker targets.

; 7. The Lindhard dielectric function

'• The above plasma dielectric function is a special

approximation to a more general function derived by J. Lindhard^ .

, Other approximations to the Lindhard dielectric function are known

in the literature and were used for the study of stopping power

of clusters , surf riding electrons and several other subjects

which are related to the potential around moving projectile in

solid. We chose to examine the original longitudinal dielectric

function of Lindhard.

For a degenerate free electron gas with Fermi velocity v_ ,

a quantum mechanical first order perturbation treatment leads to

the following dielectric function

(5)

. 2 e k ,
where * - ss^- > * • IE; and u •

Small positive 6 ensures a retarded dielectric function.
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o
When E(K,U>) = c (u,z) is introduced into eq. (2) t?ie three

dimensional integration can be carried out to produce the Lindhard

potential (fig. 6b) and similarly a force field can be computed.

The numerical integration is carried out in cylindrical coordinates.

The angle integration is straightforward and poles in the k

integration are treated analytically. As can be seen in fig. ' the

long range part of this potential is smaller than that of the plasma

potential, yet the stopping power (the slope of the potential at

the origin) is the same. This comes about because for our velocity

regime a major part of the stopping is due to close collisions with

electrons and not due to the long range plasma excitations.

The results of the OH dissociation simulations with this

potential are shown in fig. 8. The overall similarity to the

experimental distributions is much better than for the plasma wake

case. This stresses the importance of the close collisions to the

potential distribution. For thin targets simulations (Figs. 8a and

8b) the ratio of peak height to rim height is larger than the

experimental ratios and for thick targets CFigs. 8c and 8d) there is

still a remainder of extra backward peaks which appeared in the

plasma wake simulations.

8. Electronic density from coulomb wave functions.

As was mentioned before, the molecular dissociation is

dominated by the short range forces near the moving ions. It is

therefore instructive to consider an extreme opposite model to the

plasma wake model by ignoring the collective electronic interaction

and considering only exact close collisions. Then, the electrons
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can be considered as free particles •* distributed in velocity by

a Fermi gas law. The electrons are scattered by the moving ion via

a pure coulomb potential. Therefore, the average electronic charge

polarization is given by

PCX) = n(<i>J/c(n,x)|
2>v-l). (6)

2
Here n=Z ff e /-fiv, < > is an average over the Fermi velocity

G " V (9)

distribution and i|; is the coulomb wave function

The potential due to this density is given by the Poisson

equation:

V2<f>(x) = -4TTP(X) .

The use of the partial wave expansion of i> makes it possible to

compute the multipole expansion of p(x) and 4>(x) in terms of products

of F.(kr)v . The density deviation p(x) was set to zero for radii

above 3 % from the projectile. The potential for oxygen ions is

shown in fig. 6c. it is of much shorter range and shallower than the

previously discussed potentials (fig. 6d) .The" simulations "of the" proton

velocity distributions are shown in fig. 9 . The resemblance to the

experimental data (fig. 4 ) is impressive.

9. CONCLUSIONS

We have presented detailed measurements of proton velocity distributions

after dissociation of 11.2 MeV OH molecules in carbon foils. The data

provide sensitive criteria for the examination of different models for

the electronic polarization near a moving projectile in solid. We have shown that

the Coulomb scattering wave functions of electrons on a moving
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ion in solid,play an important role in the description of the

polarization near the projectile. This result is important also for

the considerations of cluster stopping power, surf riding electrons,

onvoy electrons, x-ray production in solid and transient magnetic

field when ions are slowed down in ferromagnets.

The role of linear stopping power theories in the description of

electronic wake potentials is criticized. The experimental OH

dissociation datp rule out the plasma wake model ^ but do not rule

'7 ̂

out a potential derived from the Lindhard dielectric function .

Since for the oxygen ions involved, the Sommerfeld parameter n. is

around 1, it is suggested that the polarization of the electronic

density is more accurately described by the coulomb wake and not by

linear theories.
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FIGURE CAPTIONS

Fig.l: Experimental arrangement.

Fig.2: Spectrum of emergent oxygen charge states.

Fig.3: Spectra of protons from 11.2 MeV OH

incident on 80 A carbon. The spectra were

recorded simultaneously, each in coincidence

with oxygen ions emerging with the charge

state indicated.

Fig.4: Spectra of protons in coincidence with 0 +,

for carbon targets of different thickness.

Fig.5: Energy difference 6E between leading and

trailing protons as a function of emergent

oxygen charge state and thickness of target,

(lug/cm = 50 A carbon).

Fig.^ : Potentials near a moving oxygen ion associated with

(a) classical plasma polarization wake, (b) Lindhard

dielectric function (c) coulomb scattering of electrons

_and. (d)_ comparison of the three potentials for R =*" 0. The

. .. ion track is along the Z-axis and R is the radial distance.

Fig.7 : Simulation of proton velocity distribution after OH*

o
dissociation in carbon foil of thickness (a) 80 A,

(b) 152 A, (c) 285 A and Cd) 740 A. The protons are

in coincidence with the 6+ final charge state of the

outgoing oxygen ions. Wake forces are derived from the

plasma wake model Csee fig. 6a]. The velocity span is

identical to that of fig. 4.
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Fig.8: Same as 7 except that wake forces are derived from the

Lindhard dielectric function (see fig. 6b).

Fig.9: Same as 7 except that wake forces are derived from

polarization density due to Coulomb scattering of

electrons (see fig. 6c).
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C7 . Molecular Ion Structure Determination by Coulomb Explosion

G. Goldring

Weizmann Institute of Science, Rehovot, Israel

Y. Eisen

Center for Nuclear Research, Soreq., Israel

P. Thieberger and H. E. Wegner

Brookhaven National Laboratory, Upton, N.Y. 11973

INTRODUCTION

The purpose of this experiment is to acquire structural information

about multiple atom carbon molecules through their Coulomb explosion in thin

carbon foils. The data presented here relate to the structure of C7 and c7

molecular ions where the C ions resulting from the Coulomb explosion were

detected in polycarbonate sheets. A preliminary analysis of the C_ molecular

structure data has been made and is presented here; however, the C,

molecular data has not yet been analyzed. In the future, it is planned to

employ electronic multidimensional detectors with computer storage and analysis

to improve the present study and extend it to carbon molecules as large as

EXPERIMENTAL PROCEDURE

The injector MP tandem, which is the first accelerator of the Brookhaven

National Laboratory three-stage Van de Graaff facility, is equipped with a

sputter ion source in the high voltage terminal that provides negative ions

for three-stage acceleration. This source produces carbon molecular ions

27
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ranging from C~ to c7» as illustrated in Fig. 1 which shovs 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 identified by

accelerating them through the tandem accelerator and measuring the magnetic

rigidity of the resulting positive carbon ions.

In this experiment, the terminal ion source was used to provide accelerated

C~ and C7 molecular ions which were then magnetically analyzed for proper

mass identification followed by supercollimation as shown in Fig. 2. The two

adjustable apertures are followed by a permanent 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 bend removes all of the

negative ions that have been slit-or gas-scattered because they are then

either neutral or positive and consequently removed from the beam.

Horizontal and vertical cleanup slits adjusted to be close to but 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, depending 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 yg/cm carbon stripping foil

which is mounted on a 3 mm diameter foil holder.

Once the final steering correction has been made, the intensity is

decreased to approximately 2-5 counts/second by decreasing the aperture sizes

further and closing down the object slit of the 90° analyzing magnet with all

quadrupoles ir. .he beam transport turned off to aid in the attenuation and to

increase the optical quality of the beam.



29

9
The polycarbonate plastic sheets are 0.37 x 3 x 5 cm in dimension and

mounted as shown schematically in Fig. 2. The holder is rotated back and

forth and raised and lowered manually. The holder is stepped vertically

2
2 mm before each rotary scan and a uniform exposure of 10-20 events/cm would

result if the beam current were absolutely stable. Unfortunately, beam current

fluctuations cause frequent event clustering. However, many single events

are observed. After exposure, the plates are developed by a combined chemical

2
and electrical etching technique and a typical exposed plate is shown in Fig.

3. A number of data in each exposure are artifacts of various kinds and can

be eliminated by observation through a microscope with a magnification of lOOx.

Figures 4 and 5 show examples of isolated three and four carbon events

corresponding respectively to C~ and C~ ions of 4.67 and 3.50 MeV. The jagged

edge spots are characteristic of heavy ion events with this etching technique.

A few events show all three atoms of the C. molecule anonymously closely

spaced as shown in the lower right hand example of Fig. 4. These events

could be due to molecular disassociation by collisions with residual gas

molecules in the transport system followed 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.

The energy of the carbon atoms in the C, exposure is 875 keV; the lowest

energy so far recorded by this method. The detection efficiency appears to

be close to 100% even at this low energy.

DISCUSSION

Altogether 37 C~ events and 21 C~ events have been identified unambigously

and recorded. A rigorous analysis of these specimens would have to take into
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account, in addition to the molecular parameters, the charge distribution

of the carbon ions (somewhat different from atomic carbon ), multiple scattering

and the projection statistics; however, the limited number of events at

present does not justify such a complete and rigorous treatment. Instead,

a simplified procedure was adopted for the C, events in an attempt to extract

some basic structure information from the data.

The eight largest triangles, having at least one side larger than 11 mrad,

were selected for this analysis and are shown in Fig. 6. I twas considered

likely that the largest side of these triangles is either in the projection

plane or at a small angle to it. This conclusion is also supported by the

fact that the length of the largest side corresponds to a Coulomb explosion

— o

of C, ions with an internuclear spacing of about 1 A. If the largest side were

at a large angle to the projection plane, the internuclear separation would

be unreasonably small. If the long leg of the triangle is coplanar as assumed,

then the events shown in Fig. 6 are projections obtained by rotating the original

triangle around the largest side. The eight triangles are then found to be

consistent with random projections of a Coulomb exploded equilateral triangle

taking into account the possible different charge states, but they are not

necessarily equilateral triangles. Figure 7 shows as an example the relation of

the apex angle of an isosceles triangle molecular structure of equal mass and

charge particles before and after a Coulomb explosion. Although the equilateral

triangle structure transforms into itself, there is also a large range of

initial isosceles triangles which generate final apex angles close to

60 . It is found in this way that the apex angle of the C^ molecules can be

as large as 140° and the present data are also compatible with the carbons

vibrating around an aligned configuration with a bending amplitude of at

least ±40°.
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The closest known molecules to C, are C, and CNC Cisoelectronic with. C,).

The C_ molecule is linear and "floppy", having a very low bending frequency

—1 4
of 65 cm while CNC is linear and quite rigid. We can conclude from our data

that C, is unlike the rigid CNC molecule (unless the C, ions are formed

preferentially in excited vibrationa]

an extremely floppy linear molecule.

preferentially in excited vibrational states) but could be similar to C_,

*Research supported by the Department of Energy under Contract No. EY-76-C-02-0016.
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FIGURE CAPTIONS

Fig. 1 Mass spectrum of negative ions produced by a cesium sputter ion

source operated with a carbon cone. The numbers indicate the

molecular mass of multiple carbon ions which, were positively

identified.

Fig. 2 Schematic layout of the experimental arrangement for super

collimation of the accelerated negative molecular ions and the

mechanical arrangement for exposing polycarbonate plastic sheets

to the Coulomb exploded ions. (See text for details.)

Fig. 3 Etched polycarbonate foil after exposure to stripped 4.67 MeV

C, ions.

Fig. 4 Further magnification of selected C~ molecular explosion events

at 4.67 MeV ion energy.

Fig. 5 Selected C^ molecular explosion events at 3.50 MeV ion energy.

Fig. 6 Plots of largest observed C~ triangles.

Fig. 7 Initial and final apex angles of isosceles triangles of three

particles of equal mass and charge experiencing a Coulomb

explosion.
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Cluster Effects on Charge State Distributions for Heavy Ion Molecular Beams

P. Thieberger

Brookhaven National Laboratory, Upton, NY 11973

The charge state distributions of ions emerging from carbon foils

were compared for equal velocity monoatomic and polyatomic negative ions

incident on the foil. Such comparisons were performed for CL vs 0 using

foil thicknesses from 1 to 55 us/cm and for C, vs C and C, vs C using

2
a single foil thickness of 1 vig/cm . The experimental arrangement is

shown in Fig. 1. A monitor detector close to the target and a digital

current integrator used for the carbon measurements are not shown. The

carbon measurements were performed in collaboration with H. E. Wegner in

conjunction with the stereo-chemistry experiments reported elsewhere in

these proceedings. Figures 2 and 3 show measured charge state distributions

for carbon and oxygen, respectively, and Fig. 4 shows how the observed

effect varies with foil thickness for the oxygen case. In all cases, the

distribution is shifted towards lower average charge states for the molecular

beams and the effect persists, even though attenuated, up to and including

the thickest foils used.

The most straightforward interpretation of these results is similar

to the interpretation of the cluster effect for neutral hydrogen production

from H2 ions. Namely, that for each component of the cluster there are

more correlated electrons available for pickup than for single ions. A

comparison of these results to those of hydrogen shows that the effect is

41
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much larger because it clearly manifests itself in the average charge

state rather than in the rare neutral fraction and because it persists much

longer as a function of foil thickness or dwell time. Also, no short-dwell-

time effect is observed which would have been of opposite sign to that

for positive molecules.

The interatomic distance (\~) distribution at the foil exit was

estimated for the 02~ experiments. Figure 5 shows the results of a

Monte Carlo-type computer simulation in which the foils were divided into

thin layers and only uncorrelated multiple scattering was considered in

each layer while a screened Coulomb explosion was superimposed for the

curve shown in Fig. 6. (Multiple scattering is observed to play a doninant

role in the thicker foils.) Figures 7a and 7b show the fraction of pairs

emerging within the atomic distances R(.n) smaller than 5 and 10 8,

respectively. In each case, the lower curves correspond to the calculation

with Coulomb explosion included. If the average interatomic distances for

the thickest foils are as large as indicated, then the persistence of the

observed effect with increasing thickness seems surprising and difficult

to understand.

*
Research supported by the Department of Energy under Contract No. EY.-76-C-02-Q016.
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FIGURE CAPTIONS

Fig. 1 Schematic diagram of the experimental setup.

Fig. 2 Measured charge state distributions for C^ and C^ beams incident

o
on 1 pg/cm carbon foils compared to distributions obtained with

C incident beams of the same velocities.

Fig. 3 Measured charge state distribution for a 3.36 MeV 0^~ beam incident

2
on a 2 ug/cm carbon foil compared to the distribution obtained

with a 0 incident beam of the same velocity.

Fig. 4 Variation with foil thickness of the difference between average

charge states for 0- and 0 incident beams for constant exit

velocity. The black dot indicates the result of a test measurement

2 2

in which a 10 jig/cm foil was replaced by two 5 yg/cm foils 1 mm

apart. As expected the effect disappears.

Fig. 5 Calculated probability distributions of interatomic distances

at the foil exit for Lhree foil thicknesses with 210 keV/amu 0,,"

incident beam. Only uncorrelated multiple scattering was considered.

Fig. 6 Calculated probability distributions of interatomic distances

at the foil exit for three foil thicknesses with 210 keV/amu 0^~

incident beam. A screened Coulomb explosion and uncorrelated multiple

scattering were considered.

Fig. 7 Calculated fractions of clusters emerging with interatomic distances

smaller than 5 % and 10 8 as functions of foil thickness for 210 keV/amu

incident 0, beams. The upper curves correspond to only uncorrelated

multiple scattering and for the lower ones the effect of a screened

Coulomb explosion has been included.
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*
Recent Work with Fast Molecular-ion Beams at Argonne National Laboratory

** ***
P. J. Cooney, D. S. Gemmell, K.-O. Groeneveld, E. P. Kanter,

W. J. Pietsch? Z. Vagerp and B. J. Zabransky

Physics Division, Argonne National Laboratory, Argonne, Illinois 60439

During the past year, we have invested our efforts primarily

into the following areas:

a) Studies of molecular-ion dissociation in gaseous targets.

b) Developing an understanding of the origins of "central

peaks" and of the two (as we believe, related) phenomena

of the "transmission" of fast molecular ions through

thin foil targets and of the production of neutral

fragments from collision-induced dissociation of fast

molecular projectiles.

c) Studies exploring the extent to which high-resolution

measurements on dissociation fragments can be used to

determine the steroechemical structures of the molecular

ions in the incident beam.

d) Extensive modifications to the beam-line and apparatus at the

4-MV Dynamitron so as to permit a wide variety of coincidence

measurements on fragments from collision-induced molecular-ion

dissociation.
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The apparatus that is currently in use at Argonne for these

measurements is shown schematically in Fig. 1. Magnetically-analyzed

molecular-ion beams from Argonne's 4-MV Dynamitron accelerator are collimated

to have a maximum angular divergence of ±0.09 mrad 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. Charged particles entering

the electrostatic analyzer are energy-analyzed with a relative resolution of

-4
±3 x 10 . The angular acceptance of the analyzer is ±0.11 mrad. Distributions

in angle and energy are made for particles emerging from the target by varying

the voltages on the pre-deflector and/or post deflector in conjunction with

that on the analyzer. Neutrals are energy-analyzed by first stripping them in

a M.00-A thick carbon foil located just ahead of the analyzer. The overall

angular resolution is ±0.15 mrad (0.008 degrees). Selection of the required

charge state for particles leaving the target is facilitated by a suitable

combination of pre- and post-deflection. The optimal combination also rejects

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

interactions in residual gas upstream from the target). Elaborate precautions

are taken to ensure that no carbon buildup occurs on the target foils. A gas

target can also be used in lieu of foils. For coincidence measurements, there

are two movable (computer-controlled) detectors available in the detector

chamber located upstream from the electrostatic analyzer (see Fig. 2).

Figures 3, 4 and 5 show typical distributions measured for ft, ,

+ 3 +
HeH , and He. projectiles.
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Figure 6 illustrates the manner in which parameters determined in the

LAB frame are related to those in the COM frame. In the LAB frame, we measure

the yield of a dissociation fragment as a function both of its angular shift

(9 or equivalently, 9 ) from the direction of the incident beam (z-direction)
x y

2
and of its energy shift (AE) from the value E = 1/2 m^V corresponding

to the fragment's share of the projectile's kinetic energy (m. is the

fragment's mass, and V 'is the beam velocity). These LAB variables are

related in a simple way to the asymptotic COM velocity v acquired by a

fragment following the dissociation of a projectile. Since the momentum

transfer is very small in most of the collisions leading to dissociation

at these incident energies, we can assume that the projectile COM is

undeflected in the collisions. If V = V + v is the asymptotic LAB

velocity of the fragment, then, for v << V

9 = v /V ; 9 = v /V ; (la)
x x o y y o

and

AE = 1/2 m, (V2 - V 2) % m.v V , (lb)
L O I Z O

AE/E = 2v /V . (lc)
z o

The approximation in Eq. (lb) amounts to ignoring terms with relative

magnitude *w/V (typically, V/V Q "\» 5 x 10 for the cases considered here).

The &&B) volume element in <8x,9 , AE/E) space is then

T » 66 66 5 (AE/E) * 2V "3 Sv <$v Sv . (2)
X j O X y Z
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That is, this LAB volume is directly proportional to the volume element in

COM velocity space. This simple and convenient relationship is a consequence

of the smallness of v/V ; the vector V is almost parallel to V (Fig. 6) and

so the transformation between LAB and COM frames, which in velocity space is

a simple displacement of the origin by V , also amounts (to a good approximation)

to a linear transformation between the LAB ( 9 , 6 , AE/E) frame and the COM

velocity frame.

For a diatomic projectile, the Coulomb potential energy immediately

2
after the loss of the binding electrons is Z.Z.e /r, where Z.. and Z_ are the

effective charges on the ions as they begin to separate from an initial

distance r. (For fast light ions and solid targets, Z.. and Z_ are very nearly

equal to the atomic numbers of the fragments.) This Coulomb energy is

typically several tens or even hundreds of eV. In comparison, we may normally

neglect the small energies of vibrational and rotational motion that the

projectile may possess at the beginning of the Coulomb explosion. The COM

velocity subsequently achieved by a fragment of mass in. is then

v = (l/mf) (2pZ1Z2e
Z/r)±/Z (3)

where u is the reduced mass. [In some cases, e.g. when treating dissociation

in a gas target, it is obviously more appropriate to write Eq. (3) in terms

of the proper dissociative potentials for the electronic states involved.]

From the foregoing, one sees that the diameter of an observed ring

pattern is approximately proportional to the geometric mean of the effective

charges on the fragments and inversely proportional to the square root of the
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bond length. Experiments with several species of diatomic molecular-ion

1— 3
projectiles have established that the bond lengths obtained from such

data agree well (typically within 0.01 8) with calculated values when the

effective charges Z1 and Z, are chosen to have values that give the correct

stopping power. The width of the "rim" of a ring pattern reflects the

distribution D(r) of the internuclear separations in the projectiles and this

in turn is dependent upon the population of vibrational and electronic states

in the incident beam.

Wake effects manifest themselves in slight distortions of the

shape of a ring pattern and in a redistribution of the intensity around the

ring. As is to be expected, the ring patterns observed for fragments

arising from dissociation in gas targets show no sign of wake effects

(e.g. Fig. 5). These patterns do however display a dominant central peak.

The first high-resolution measurements on foil-induced dissociation

of energetic beams of HeH revealed the presence of a small central peak in

4
the ring pattern obtained for the resulting protons. The authors suggested

that this peak arises from the breakup mode HeH -*• He + H . Subsequently

central peaks were reported in the cases of H from 3-MeV H, and 2.1-MeV H,

and of 3He + + from 3-MeV 3He 2
+ (all for thin foil targets). No central peaks

were observed for protons from 2.97-MeV OH, and 3.25-MeV CH or for

3 + 3 +
He from 3-MeV He, . Following this work, studies on the central peak

observed for H from the foil-induced dissociation of H, have been extended

to both higher and lower * beam energies. Figures 7 and 8 show some

of the experimental data.
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The central peak region in the cases of both gas and foil targets

3
can be accounted for in terms of those dissociations that produce one charged

and one neutral fragment. For gas targets, this occurs via a collision-induced

transition of the projectile to an excited electronic state which then decays

dissociatively yielding a neutral and a charged fragment. Such processes are

favored in the large-impact-parameter collisions that are possible in gases.

For this type of excitation the resultant COM velocity 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(r)]. Such fragments, although

arising in only a small fraction of the dissociations, are detected for all

initial projectile orientations and thus give rise to the large central peak.

For foil targets the central peak can originate in two main ways.

For very thin foils corresponding to dwell times •$ 10 sec a neutral

fragment may originate and survive inside the foil. For thicker foils and

longer dwell times a neutral and a charged fragment may be produced through

capture of one or more electrons by one fragment at or near the point of

exit from the foil. (Strictly speaking, the capture leads to the formation

of a dissociative molecular state.) Inside the foil a normal Coulomb

explosion develops. If the initial internuclear separation is large, the

Coulomb explosion is weak and the fragments emerge with very low relative

kinetic energy. This results in central peaks being observed in the ring

patterns. The relative intensities of the central peaks are obviously

sensitively dependent upon such factors as dwell time, D(r), fragment charge,

beam velocity, capture cross sections, etc. (for a fuller discussion, see

Refs. 3, 6 and 9).
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By performing coincidence measurements between H and H from

290-keV H, bombarding a 2-jjg/cm carbon foil, Laubert and Chen have

elegantly demonstrated the connection between the H central peak and the

associated H .

A close inspection of the ring pattern for H from foil-dissociated

H2 reveals that the central peak is actually more like a central ridge than

a peak (see also Fig. 3). The ridge extends in a direction corresponding to

projectile orientations (referred to here as "transverse orientations")

where the internuclear axis is approximately normal to the beam direction.

We believe that this reflects an orientation-dependence of the electron-capture

probability of the two protons as they emerge from the foil.

Further evidence for these orientation-dependent effects is to be

found in the ring patterns measured for H atoms arising from the H~ and

HeH bombardment of thin foils. These patterns (Fig. 9) may be considered

as consisting of two components: a) a central peak (a small central peak— not

visible in Fig. 9— sits in the center of the pattern for HeH ), and b) a ring

that is enhanced for transverse orientations (or possibly reduced for in-line

orientations). In the case of HeH , the orientation-dependence of the ring

actually creates a dip in the forward direction. The rings correspond to

Coulomb exploding diatomic clusters whose explosion is truncated at the exit

surface by electron capture (the dependence of the ring diameter on target

thickness confirms this). The central peaks for H are attributable to

projectiles that lose their binding electrons, but do not explode appreciably

in the target. These are incident projectiles having large initial internuclear

separations. The neutral hydrogen then arises from capture at the exit surface.

[For very short dwell times (3?10 sec) there may also be a contribution from

neutrals whose electrons are contained in the incident projectile.]
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If the electron capture at the exit surface takes place into a bound

state of the emerging (but "non-exploding") ions a transmitted molecular ion

may result. There is thus a direct correlation between the observation of

central peaks and of transmission. Figure 10 shows the result of a measurement

demonstrating that the internuclear separations for transmitted H, ions are

indeed much larger than the average for the incident beam.

The relative smallness of the central peaks (Figs. 4 and 9) and of

the transmission for HeH as compared with H. , is a consequence of the

narrowness of the potential well [and thus of the distribution D(r)] for

HeH as compared with H2 . In addition the higher nuclear charges and

smaller equilibrium internuclear separation in HeH produce a more rapid

Coulomb explosion. A further factor is the necessity for capturing two

electrons in the case of HeH transmission or in the case of a central peak

in the H ring pattern for HeH projectiles. Similar considerations explain

the absence of both central peaks and transmission when thin foils are

bombarded by CO+, 0 +, OH2
+, 0H+, CH+, etc.1

From an analysis of the ring patterns obtained with thin foil

targets, one can determine D(r), the distribution of internuclear separations

in the incident projectiles. Figure 12 shows the population of vibrational

states corresponding to the measured D(r) for an H, beam. iJ is evident

that the incident beam is considerably "cooler" than would be expected, say,

on the basis of a Franck-Condon distribution. This preferential population

of the ground and low-lying vibrational states is characteristic of our

measurements on a great variety of molecular-ion beams Our measured D(r)

are not detectably dependent on ion-source parameters over the range that

these can be varied.
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For dilute gas targets most collisions are much less violent than

for foil targets. On the average fewer electrons are removed and there is thus

a greater probability for dissociation into less highly charged fragments.

One therefore expects to observe dissociation modes in which the molecular

projectile, during a collision with a target atom or molecule, makes a

vertical transition to an excited electronic state that then dissociates

into separate fragments. (Vibrational excitation to continuum states is

expected to be relatively infrequent at high projectile velocities. Using

the (known) potential curves shown in Fig. 12, and the distributions D(r)

extracted from data obtained with foil targets, one can analyze the gas

target data (e.g. Fig. 5) to determine the role played by various excited

electronic states of the projectiles H,, and HeH . We find that for H, about

90% of the dissociations proceed via the Coulomb (totally ionized) state

and about 10% via the 2pit electronic state [leading to H and H (n = 2)].

It would be interesting to perform beam-gas spectroscopy measurements with

H_ beams to verify that the n = 2 state in hydrogen is strongly populated.

Analysis of the HeH gas data is more complicated because a 2-electron

projectile is inovlved. However the dissociation is clearly dominated

by the He (Is) + H channel resulting from formation of the lsa electronic

state of HeH'4"1".

High-resolution studies of fragments from the collision-induced

dissociation of fast molecular-ion beams offer attractive possibilities for

determining the stereochemistry of the projectiles. We have already noted

that bond lengths for several diatomic projectiles have been measured with
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an accuracy of about 0.01 X. Calculations indicate that for not-too-

complicated molecular ions containing a small number of atoms, bond lengths

and bond angles should be measurable to accuracies of about 0.01 A and 1°,

respectively. Although this level of accuracy is poor compared with that

attainable with photon techniques (when they can be applied), it is

sufficiently good to be of value in resolving many conflicts between predictions

from structure calculations. Furthermore, this level of accuracy should be

good enough to help practitioners of the photon techniques to zero in on the

frequencies of their (usually very narrow) resonances. It is therefore

of considerable interest to explore the extent to which these techniques with

high-energy beams may be employed to determine the geometrical structures of

polyatomic molecular-ion projectiles.

Following an initial joint experiment with the University of Lyon

and the Weizmann Institute on the structure of H, , we at Argonne have made

a series of studies on somewhat more complicated molecular-ion species.

Figure 13 displays energy spectra for various charged fragments from

3.5-MeV C0_ and N,0 dissociating in carbon foils. These molecular ions in

14 +

their ground and low—lying states are known to be linear; but while C0_

has the symmetric form (0-C-O), N,0 is asymmetric (N-N-O). From just a

cursory inspection of the spectra in Fig. 13 (merely counting the peaks) one

can immediately deduce the main features of these structures (i.e. their

linearity and the order of atoms). Of course, to extract accurate bond

lengths and angles, a much more detailed analysis is required. However,

this example does point to the power of the technique in determining gross

structures.



63

Figure 14 shows again how gross structure features are readily

observed in such measurements— in this instance for the series CHn (n = 0— 4).

Here one also sees clear evidence of the Jahn-Teller distorton of the

methane ion.

We have performed many measurements of this type— i.e. high-resolution

studies of individual fragments in particular charge states. Except for

very simple and/or highly symmetric ions (H, , C, , etc.) such measurements

on single fragments yield only gross structure information. For example,

2+ +

our measurements on C fragments from 3.6-MeV C.,H, 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 OH, show only that the protons are

equivalent and that the oxygen is "in the middle". The accuracy in determining

the bond length and bond angle is poor (̂ 0.1 & and ^10°, respectively).

For polyatomic ions, particularly those having low symmetry and/or

many atomic constituents, the structures can be much more precisely determined

if spatial and temporal coincidences can be 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 (see Figs. 1 and 2). We can presently 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+, 0H+, H3

+, CK*, NH2
+, 0H2

+, etc.). Figure 15 shows a

spatial scan of the proton-proton double coincidence rate for the foil-induced

dissociation of 3.6-MeV OH, ions. Note that a given combination of
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post-deflector and electrostatic analyzer voltage settings amounts to

choosing for study a limited subset of the incoming projectile orientations.

For the data shown in Fig. 15, only those OH. ions in which one proton is

trailing are selected. A simple analysis of these data gives the bond length

to be 1.0 ± 0.04 X and the H-O-H bond angle to be 110 ± 2° in agreement with

results obtained from optical measurements (the OH, ion is one of the eight

polyatomic molecular ions whose structures have thus far been measured with

photon technqiues).

Although foil-induced dissociation has the virtue that essentially

every incident projectile dissociates violently into individual highly charged

monatomic ions, there are complications in the data analysis where one must

take into account wake effects, target thickness, charge-state distributions,

and multiple scattering. These problems do not arise if one uses a dilute gas

target in which single collisions predominate. With gas targets however,

there is the problem that most of the dissociations proceed through weak

Coulomb explosions between ions having low charges. Also, the product

fragments frequently include diatomic and polyatomic species. Thus the

foil-induced and gas-induced dissociations tend to give complementary information

and in studying any given projectile it is desirable to use both types of

target. At Argonne we have recently begun triple coincidence measurements,

3+
e.g. on the pair of protons and the N fragments arising from the dissociation

of 3.6-MeV NH, ions in a dilute Ar gas jet. Although the triple coincidence

counting rates are low, the data are very clean (Fig. 16 shows an example)

and the analysis is greatly simplified as compared with the results obtained

with foil targets.
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Figure Captions

Fig. 1. Schematic diagram of the experimental arrangement at Argonne's

A-MV Dynar..itron accelerator.

Fig. 2. Schematic diagram shewing a cross-sectional view of the detector

chamber and movable detector systems at Argonne's 4-MV Dynamitron

accelerator.

Fig. 3. (a) Joint energy-angle distribution for protons arising from

the dissociation of 1.4-MeV H_ in an 88-A thick carbon foil.

(b) The corresponding energy spectrum of those protons emerging

from the target foil in the beam direction.

(c) The corresponding angular distribution of those protons

emerging from the target with an energy equal to that of the

small central peak in (b).

Fig. 4. Joint energy-angle distributions for a) protons from 3.0-MeV

HeH dissociating in a 195-A thick, carbon foil and b) He

from 3.6-MeV He dissociating in a 118-A thick carbon foil.

Fig. 5. Joint energy-angle distributions for protons from 1.2-MeV H.

and 3.0-MeV HeH+ dissociating in gaseous Ar (7.8 mTorr) and

He (9.5 mTorr), respectively.

Fig. 6. Kinematical relationships between the parameters (E,8) measured

for the outgoing molecular—ion fragment of mass m. and its

velocity v in the center-of-mass (COM) system moving along with

3
the incident projectile.



Fi-H- 7. Representative- energy spectra of fragments from foil-induced

Coulomb explosions.1'4 (a) 3-MeV H 2
+ -* H+; (b) 3.5-MeV HeH+ - H4

(c) 3-MeV 3He + - 3He"f+; (d) 3-MeV 3He.+ - 3He+.

Fi(;. fi. Energy spectrum for protons emerging in the forward direction

2 +
from a 4.2-pg/cm carbon foil bombarded by a 27.55-MeV H_

beam. The dwell time of the ions in the target is 0.4 fsec.

Fig. 9. Ring patterns for (a) 3.0-MeV H + - H° in a 132-& carbon foil,

and (b) 3.63-KeV HeH+-> H° in a 144-X carbon foil.3

Fig. 10. Energy spectra of protons from 1-MeV H, -» H . The incident

!!„ were first prepared by passage through a 330 A carbon

foil.

Fig. 11. Population distribution for the vibrational states of H, ions

(shaded distribution) as deduced from the foil-induced

dissociation of a 3.0-MeV H, beam. For comparison, the

distributions expected from a Franck-Condon model and deduce!

from photo-dissociation experiments are also shown.

Fig. 12 Interaction potentials used in fitting the era. velocity

distributions of H + from (a) H 2
+ and (b) HeH+ ion beams.3

4+ 2+
Fig. 13. Zero-angle energy spectra for (a) 0 and (b) C resulting from

3.5-HeV C0 2
+ bombarding a 133 X-thick C foil, and for (c) 0 4 +

and (d) N resulting from 3.5-MeV N_0 bombarding a 160-8

thick C foil.13
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4+
Fig. 14. Energy widths measured for C ions emerging at 0° from a

125-A thick carbon foil bombarded by beams ot CU for

n = 0—4. The beams all have the same velocity (corresponding

to 194 kcV/amu).

Fig. 15. Coincidence counting rate for protons from 3.6-MeV OH dissociating

in a 30-A thick carbon foil. The rate is plotted as a function

of the angle between the electrostatic analyzer (set on the

low-energy, 0°, proton jjroup) and one of the movable surface-barrier

detectors (see Figs. 1 and 2).

Fig. 16. Top: H -N -H triple coincidence counting rate for 3.6-MeV

NH7 ions dissociating in an Ar gas-jet target. N ions are

detected at 0° in the electrostatic analyzer (Fig. 1).

Protons are detected in the two movable detectors (Fig. 2). The

coincidence rate is plotted as a function of the angle between

the (symmetrically placed) proton detectors and the beam direction.

Bottom: Same, but double coincidences (N — 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.
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TRANSMISSION OF MOLECULES AND NEUTRAL PARTICLES

USING HYDROGEN AND HELIUM MOLECULAR BEAMS

J. Remillieux et'al.
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TRANSMITTED FRACTION

Transmitted fraction T of incident 800-keV/amu projectiles

through carbon foils as a function of the projectile dwell time

t in the target is shown for a) one-electron H , He and H,

and b) two-electron H", 3He° and H . The statistical uncer-

tainties of the T values are generally smaller than the symbol

size while t values are determined with relative and absolute

estimated errors of + 5% and + 10%,respectively. The curves

are the results of fitting the data by a least squares procedure
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complete data set using three final charge states (see text and

also Fig. 1 caption)
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TNH13ireJ) / / buc-~no AJ / AJ THE

I. PURPOSE

- Examine charge exchange processes between H and a nearby H .

II. BACKGROUN D

H in C has been measured to be ~ 0.2 fg- The lifetime T of « 1 MeV/a m u

- We expect for a typical case of dv/elltima in the foil t > 4 T

(1) the e" to be stripped from H for t < t

(2) the cluster then explodes

(3) target e" capture at t into the MO of H correlated with the

H" + H to lead to the detected H

(4) this H" yield to be sensitive to the processes outside of the foil.

- Eventhough tKese are ~ 1 MeV/a m u clusters, the H separates from H with

a relative KE ~ 5 eV only. The processes sampled are thus the same as

those governing the mutual neutralization phenomenon encountered in the H~+ H

collisions at low energy.
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III. MEASUREMENTS (figure
1 m

- Yields of H~ from 0.4-, 0.8- and 1.2 MeV/a m u H incident on C
2 +

(1-8 (ig/cm ) and from the same velocities H ,

Target
Hvitier

Magnet

H

Si - detector Faraday cup
or Si- detector

IV. RESULTS (figures!^ and

- Figure 3 displays the y

- Figure 4 displays the corresponding yield $ - for incident H+.

- Figure 3 displays the yield $ ̂  o £ H " per proton for incident H+.

J
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V. D I S C U S S I O N ( f i g u r e s ^

M / A , .
- Molecular effects ar.e important because the ratios $ - / $ - deviate

significantly from unity as shown by symbols in figure

- To get H" from H_ requires the capture of at least one target e , and

we may expect the capture probability by a diproton cluster to be

enhanced (per proton) over that by a single proton, as is observed in
o + i

the case for H from H . i

- Since capture occurs near the foil exit, the large observed inhibition for

H ca: only be reasonably understood in te rms of charge exchange outside

of the foil.

- The inhibition effect can be expressed in t e rm of the H~ survival probability

_ - M , M
S : § y / cp y

M
where cp— is the corresponding yield expected from the capture process

a lone . Est imates ofcp— are shown as curves in f igure£3. With these

cp — , we obtained S shown in figureJ5^. These S a r e seen to define a

nearly universal trend independent of the incident velocity.

- We interpret S to be

S = S S

tr ex

where S is the probability for surviving the trapping into the at t ract ive

well of the MO(H ) in H_ (see figure2S)> an<* S is that escaping the
2 ex

charge exchange region without losing an e .

- Est imates of S (dashed curve in figure££J show that the trapping effect

is comparatively smal l .

- Within the Landau-Zener model for charge exchange, we may wri te

- Est imates using the H and R values of Bates and Lewis (BL) yield the
x x j

curve BL.

- By reducing the H value of BL by 1/3, we obtained the curve S which,

when combined with S , yield the curve S. These theoretical S are seen

to reproduce the data rather well.
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VI. CONCLUSIONS .

- Foil breakup of fast diatomic molecules provides a unique view of the

charge transfer processes between slowly separating atoms because of

the "one-passage" condition.-. '..He. >o

- In the present case, the Landau-Zener model provides an adequate

description of the charge exchange processes.
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Stopping of Low Energy Molecular Ions

J.C.Eckardt, G.H.Lantschner, N.R.Arista and R.A.Baragiola
* t

Centro Atomico Bariloche - Instituto Balseiro
8400 - S.C. de Bariloche - RN - Argentina

We have studied the energy loss of 12,5-130 keV H and H 2 in thin

foils. The experiments were described in the literature but they ap-

2 3
pear to have passed unnoticed in later work ' so we will repeat the

essence here correcting some errors made by the journal.

The ion beams were produced in the Bariloche Kevatron accelerator

and sorted in mass by a 90°magnetic analyzer. The beam energy was

stable to ± 2x10 during each set of energy loss measurements. The

energy losses were determined by measuring alternatively the energy of

the beam without and with a thin foil placed in its path. The 90°electro-

static analyzer with its slits set to an energy resolution of 0.4% ac-

cepted particles transmitted through the foils within vertical and

horizontal angles of 0.75 and 6.3 mrad centered around the beam axis.

Two liquid-nitrogen-filled coaxial traps were located inmediately before

and after the foils to keep the build-up of contaminant layers from

4 S
being discernible. More experimental details can be found elsewhere ' .

Fig. 1 shows normalized energy spectra obtained for 267 keV H9 inci-
o

dent on a ^ 200 A Aluminum foil,Spectra were obtained also faster using

4 5

the dynamic scan mode ' which allowed also more accurate determina-

tions of the energy losses. Typical times for each energy loss measure-

ments (several scans of the peaks) were of the order of a few minutes,

thus minimizing problems caused by instabilities in the beam energy.

*Comisi6n Nacional de Energia AtSmica

Universidad Nacional de Cuyo
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Using the notation:

E Q - Energy of the incident H 2

E, - Energy of H in transmitted beam

E 2 - Energy of H7 in transmitted beam

we can define

AE(H2)2 = I (Eo-E2)

and the ratios

AE(H ) = energy loss for protons at the same

velocity.

R, = AE(H*)../AE(H+)

R2 = AE(H2)2/AE(H
+)

which should be one if no molecular or interference effects were

present.
0

Fig. 2 shows R1 and R2 for ^ 150 A Carbon (average of 3 foils) and
o

•v 200 A Aluminum (average of 5 foils) as a function of ion velocity.

Interference effects can be seen to persist down to the lowest velo-

cities ,and that at low velocities,R2<1 and R2<Ri. The error bars in

the results of Fig.2 are substantially smaller than those of later
2 3

reports ' of low-energy experiments, presumably due to our high beam

energy stability during our short measuring times and our averaging

over tens of measurements at each point in Fig. 2.

The results of Fig. 2, particularly R?*1 at low velocities, confirm

the prediction of Arista that interference effects should occur in

single particle excitations and can explain at least in part the early

experimental evidence of Makarov and Petrov who found that low velo-
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city molecular hydrogen ions have somewhat larger ranges than atomic

hydrogen ions at the same velocities. The results are also in agree-

ment with the experimental observation that low energy H* ions produce

less electron emission per nucleon from clean metals than H at the

same velocity .

A possible explanation for R^^i anc* ^ 2 < ^ a t '*'ow vel°ci'ties i-n

terms of Arista's theory was given before . Figure 3 shows calculated

ratios R for di-protons in an electron gas ivith dielectric constant

appropiate for Al, as a function of cluster separation, orientation

and velocity. Plasmom damping is not included in the calculations and

this causes sharp changes close to v=1.24 a.u., the threshold for plasmon

excitation.

The low values of R2 for Al at our lowest velocities can be explained

if we assume that H, in the transmitted beam result from di-protons

which have travelled inside the foil with their internuclear axis

aligned close to the beam direction. The alignment force can be pro-

vided by the anisotropy in the polarization cloud around the moving

ions. Transmitted protons, on the other hand, will probalbly result

from di-protons for which multiple scaterring and energy straggling

have overruled the alignment force and for which the stopping ratio

should be better described by the orientation-averaged <R>.

A more detailed comparison between experiment and theory must await

knowledge of the variation for the internuclear separation with transit

time in the foil which requires in turn knowledge of correlation ef-

fects in multiple scattering and of the internuclear potential of the

protons in the solid. The importance of the multiple scattering and

target dielectric properties can be illustrated by our observations

that the relative yield of H 2 to H in the transmitted beam was a
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0

factor of more than 100 for Al than for C, much smaller for 250 A Ge
-3 °than for C and not observable within our sensitivity (̂ 10 ) for 200 A

Ag foils. Quantitative data on these relative yields is the goal of

present experiments.
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ENERGY LOSS OF CLUSTERS

R. Laubert

East Carolina University, Greenville, North Carolina 27834

Figure 1—The fact that molecules or clusters have greater energy

loss than the corresponding atomic particles was shown by W. Brandt et

al. (Phys. Rev. Lett. JJ3_, 1325(1974)). The original theoretical formulation

involved the material dependent partition function between close and

distant collisions suggesting the possibility that the stopping power

ratio is a way to evaluate this constant. (W. Brandt and R. H. Ritchie,

Nucl. Inst. Meth. JJ3£, 43(1976)).

Figure 2—The theoretical energy loss ratio as a function of

cluster velocity and inter-cluster separation. The decreased and in-

creased stopping of clusters result from an interference of the wakes

of the individual atoms of the cluster. (N. Arista, Phys. Rev. Bl£, 1

(1978)i The stopping power ratio is also dependent on the orientation

of the cluster (in file clusters have a lower energy loss) however

experiemer tal verification of this requires targets of <lug/cm and

particle energies of E < 50 keV/amu.

Figure 3 shows the experimental arrangement employed to measure

the stopping power ratio of clusters to atoms. The ion beam (10~3 cm

dia and 1-5 x 10"11 A intensity) is collimatted to +0.]/mrad. by a pair

of slits. The target is surrounded by a cold tran to reduce carbon

depositron to -3 S/hour. The energy distribution of the exiting beam

is measured by a magnetic spectrometer (Mil) which has an energy resolution

of 1-5 x 10-4. Post target slits permit measurements of the angular

distribution. Not shown are a pair of pre and post target electric

plates which permitted one to measura the energy and angular distribution

of neutral particles.

141
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Figure 4—The angular distribution for 150keV protons incident on

S yg/cm carbon target. The distribution is independent of the exiting

particle or of the geometric orientation. The solid line is the expected

distribution calculated according to the prescription of Meyer (L. Meyer,

Phys. Status. Solidi, 44, 253(1971).

Figure 5—The mean energy loss (as determined by the centroid of the

energy distribution) as a function of the scattering angle for 150 keV H

2

on 5.3 ug/cm carbon. The slight increase in the energy loss with in-

creasing angle is from target non-uniformity and possible contribution

from nuclear energy losses. The constancy of the energy loss as a function

of scattering angle permits one to determine AE by measuring the energy

distribution in the 0 - 0 direction.

Figure 6—The energy and angular distribution when 300 keV H-
2

particles are incident on 2 pg/cm carbon target. For comparison

the >••*.•«' of equal velocity protons is shown in Part D. For exiting

charged particles (Fig. A ) , a three peak distribution is obtained that

is considerably wider in energy and angle than the proton distribution.

Figure 8 shows the distribution for exiting neutral and negative particles

and for protons in coincidence with a neutral particle. The mean energy

loss is independent of the scattering angle and of the exiting particle.

This means that a measurement of the energy distribution in the 0 - 0

direction is sufficient to determine the energy loss of the clusters.

The distribution for exiting charged molecules (H,, H.) is shown in

Fig. C. Here the angular distribution is narrower ( CT) while the

energy distribution is wider (* YZ) than the corresponding atom (H ,H )

case. In Fig. A & B, the point marked E is determined by gaseous

dissociation.
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Figure 7—The Angular distribution of the various exiting particles when

+ 2
300 keV H, is incident on 2 ug/cm carbon.

Figure 8—The angular distribution as a function of the incident

+ 2
H, energy for a 2 ug/cm carbon target. The solid line for the atom case

(H+,H+) is calculated according to Meyer (L. Meyer, Phys. Status.

Solidi. 44, 253 (1971). The other solid lines are to guide the eye.

Figure 9—The energy loss ratio of clusters to atoms for a
2

2 ug/cm carbon target as a function of the incident energy. The

measurements are performed in atom-cluster-atom sequence to insure

reproducibility. The scatter of the data reflects the difficulty of

insuring use of the same target spot for .atoms and molecules. The

error bar result from the uncertainty of determining the four

centroids and the small energy loss involved (- 1.0 - 1.5 keV total).

The solid line is the calculation of N. Arista (Phys. Rev. Bl!3, 1 (1978)).

Considering the errors involved the agreement between experiment and

theory is satisfactory.

Figure 10—The energy loss ratio of cluster to atomic particles

2
for a 5 ug/cm carbon target. The ratio is closer to unity indicating

larger average internuclear separation. The square point is from

A. R. Nyaiesh et al. J. Phya. CU., 2917 (1978). The solid line is from

N. Arista. Similar results have been reported by Eckardt et al.

(J. Phys. ell., L851 (1978)).

2
The energy loss ratio of exiting molecules for 5 ug/cm carbon

target. The solid line is from (N. Arista Phys. Rev., BU5, 1 (1978))

and is the same one as in the previous figure. Clearly, the energy

loss of particles from clusters that end up as molecules is less than

the energy loss of particles that end up as individual atoms. This
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could result from a lock step mechanism of wake riding or that

the molecules are preferentially formed from clusters that traverse

+ —3thinner parts of the target (the yield of Hj varies -t ). At the present

time we cannot distinqulsh between the two mechanisms.
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The theoretic*! energy loss ratio, R. as
defined In the text, for various average
tnternuciear separations, r . The results
tre from ref. 11.
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THE POTENTIAL ESTABLISHED IN THE VICINITY OF SWIFT IONS IN SOLIDS

R. Laubert

East Carolina University, Greenville, North Carolina 27834

. Figure 1—The energy and angular distributions for 300 keV H^ on

2 ug/cm carbon.

Figure 2—The energy and angular distributions for 300 keV HeH on

2
2 ug/cm carbon.

Figure 3—The energy distribution at 0 - 0 for 250 HeD on 1.7 ug/

2 +

cm carbon. Note the three peak distribution of D and the different

asymmetry of the leading and trailing particle in the neutral D

distribution.

Figure 4—The energy distribution at 0 - 0 for 290 keV HeH on

2

1.4 ug/cm carbon. The energy distribution of the positive and neutral

hydrogen as well as the proton in coincidence with a neutral helium

is shown. Note the difference of this distribution to the H, case

(Fig. 1) and in particular the absence of a three peak distribution for

the H° spectrum. (See R. Laubert, IEEE Trans. Nucl. Sc. N3-26,

1020 (1979)).

It is our ascertion that the two peak distribution observed for

HeH , H) and (HeH ,H~) Is inconsistent with the viewpoint that moving

protons in solids have bound states. The observed energy distribution

can be obtained if one assumes that moving protons do not have bound

states in solids while allowing for bound states for the projectiles,

or conversly that the projectiles do not have bound states while protons

do. Given these alternatives one chooses the former, i.e., that using

explosion Inside a solid as an operational criteria, the majority of

protons do not exhibit bound states in solids while moving at velocities

v1 > VQ. If this is tht case, what is the origin of the central peak

of th« three peak distribution observed in Fig. la, b, and Fig. 2?

155



156

A possible explanation for the central peak can be put forward by

considering electron capture by the cluster upon exiting from the

target. Clearly, if not electrons are captured the nuclei are in a

Coulombic potential and experience post-target explosion. If the

exiting cluster captures one electron then for diprotons, the post target

potential established is that of an H. molecule, which in the ground

state IS a has negative values for internuclear distances that are

greater than the equilibrium internuclear distance. This will tend to

inhibit explosion and hence decrease the final energy separation.

This can result in the formation of the central peak. If the

internuclear velocity v. < (~) , where e is the potential of

ISo state of H 2 at the exiting internuclear separation, then a H,

2

molecule will be formed. For 2 ug/cm targets and velocities

considered here typically 10% of the incident particles will satisfy

this condition. The majority of clusters will have an internuclear

velocity greater than this amount and the molecule will dissociate,

with equal probability, into a charged and neutral hydrogen. Hence

one would expect the neutral, proton, and coincident distributions to

reflect the central peak. This is what is observed in Fig. 1.

If the potential established by the exiting cluster is that of

an excited H. molecule (e.g., the 2pa or 2pir states) that atoms of

the cluster will dissociate and gain kinetic energy associated with that

particular state. Therefore it is not surprising to observe a three

peaks in the neutral and coincident energy distributions shown in

Figure lb.

For an HeH incident cluster hydrogen can be observed from the

following reactions:
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it of electrons
captured

Exit
configuration

He
+2

Total energy difference Observed
apecie

1

2

2

He+

He0

He+

He0

He+

AE. - AE, + AE
t i c

H

H"

He + H

AE. AE, + AE
x

AEt - + AE

AE

AE,

AE,

AE,

where AE is the total energy difference of the emerging particles

and is the sum of the energy gained inside the target, AEi> the post

target Coulombic explosion, AE , and the energy change from the mole-

cular potential, AE , at the exit internuclear separation.

At the present velocities the one and two electron capture

processes will dominate the final proton energy distribution. The

central peak in Fig. 8a is accounted for by the two electron process

and the resulting Implosion, while the side peaks result from the one

electron process with the additional post target explosion. At higher

Incident velocities thovtwo-electron capture probability decreases

relative to the 1 or 0 electron capture probability resulting in the

diminution, and eventual disappearance, of the central peak.

When we measure the neutral hydrogen energy distribution only

the three-electron capture process is important since an estimate of

th« yield of neutral hydrogen from the two electron capture process is
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-1/5 - 1/10 of the yield from the three electron capture process. This

was checked experimentally by measuring a ratio - 10 for the yield of

charged to neutral hydrogen when fast HeH molecules dissociate in a

gas. Hence the exiting neutral and negative hydrogen energy distri-

butions when HeH is incident on solids measures the separation occurring

inside the solid. The (HeH , H ) and all of the final energy distributions

observed with H_ incident projectiles are altered by the formation of

short lived molecular states at the exit surface of the target. Using

a retarding electric field technique we were able to establish 10

sec as an upper limit to the lifetime of these molecules.

The present experimental results lead us to the conclusion that,

using explosion inside a solid as an operational criteria, the majority

of protons do not exhibit a bound state while moving in solids at

velocities v. >_ v~. The observed central peak in the three peak

distribution can result from the formation of a short lived molecule at

the exit of the solid which subsequently dissociates. To observe this

central peak stringent requirements have to be met. The incident particle

energy and target thickness have to be such that the explosion energy

in the laboratory system is greater than the straggling and small-

angle scattering energy, and the probability of electron capture has to

be sufficiently large to detect a reasonable fraction of the total

particles. To map the potential distribution of ions in solids by

measuring the dissociation energy of clusters we must choose a system

whose energy distribution is not altered (or can be easily corrected)

by molecule formation or post target explosion. In addition the transit
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time of the cluster in the target must be sufficient for the particle to

interact with the potential and yet the target must be thin enough so that

energy straggling and small angle scattering do not obscure the results.

From this it is clear that ones experiments must be chosen carefully.
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Probing the Wake of a Swift Ion in Matter
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The concept of a polarization "wake" induced by a fast charged

ince t

2-8
particle traversing a solid was introduced by U. Bohr in 1948. Since that

time the concept has been discussed and developed by other authors,

most notably by R. H. Ritchie and coworkers. The wake represents the

collective response of the electrons in the solid to the passage of the projectile.

Theoretical treatments characterize the solid as an electron gas and the wake

consists of electron density oscillations that trail behind the charged

projectile. The wavelength of the wake is the distance moved.by the

projectile in one plasma oscillation period:

X •= 2irv/u , (1)

where v is the projectile velocity (here assumed to be non-relativistic,

but large compared with the Fermi velocity of the electron gas), and us is

the volume plasma frequency. The wake concept provides an interesting

alternative to the rcore usual descriptions of stopping power (the net

attractive forte between the projectile and the electrons in its wake acts

as a brake on the projectile).

Wake effects have recently achieved considerable attention as a

result of suggestions that they play a vital role in the interactions of fast

molecular ions with solid targets. ' ' *' Thus, for example, it has been

postulated ' that "wake-riding" (in which a second particle becomes trapped

In a potential minimum of the wake of a projectile leading it) may account

for the phenomenon of transmission of molecular ions through foils.
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Similarly, it has been predicted that target electrons may be trapped into

wakebound states trailing a fast ion traversing a solid, and that these

("convoy") electrons may be the main component of the characteristic cusp-shaped
18

velocity distribution of the electrons emerging from the solid (the

distribution exhibits a peak at the beam velocity). I t must be admitted that

the experimental evidence for wake effects playing an Important role in the

above two phenomena is far from definitive (see, for example, references

6, 11, 13, 15, 19 and 20). Perhaps the most convincing experimental

evidence for wake effects l ies in the results of high-resolution measurements

of the energy and angle distributions for dissociation fragments produced

when fast molecular-ion beams strike thin foil targets. ' ' ' ' A wake

model has been successful in accounting quantitatively for these

distributions which exhibit asymmetries attributable to the influence of

wake forces. Even here, however, the wake potential is tested only over a

distance of one or two Angstroms (the internuclear separations of the fragments

while they are inside the foil) , whereas the wake wavelengths are calculated

to be typically several tens of Angstroms. Using a very thick foil target

(to increase the inter-fragment separation achieved in the foil) is precluded

because of the blurring effects of multiple scattering. Multiple scattering

can be greatly reduced by channeling the incident molecular ions in a
10

monocrystaline target foil . However the added complication of channeled

trajectories makes the analysis of such measurements difficult for thick

targets.
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With the above considerations in mind we'have performed the

experiment reported here, designed to demonstrate the reality of a wake

potential existing over large distances (several wake wavelengths).

The measurement employed a beam of 28-MeV H 2 ions from the '

University of Bonn cyclotron. Figure 1 • shows the experimental

arrangement schematically. The beam spot at the target position was 0.2 mm diam.

The angular divergence of the beam was less than ±0.1 mrad. and its energy

instability was less than ±2 fceV. The target consisted of two thin foils stretched

flat, parallel to one another, and mounted perpendicular to the beam direction

(Figs. 2 and 3). The separation between the foils was adjustable (with a

piezoelectric element) in fine steps from about a micron up to several tens

of microns. Protons emerging from the target and lying within +0.1 mrad •

of the beam direction were momentum analyzed with a magnetic spectrograph

having a relative resolution of 3.4 x 10~ .

An example of & proton energy spectrum, obtained with this

arrangement (but with only one target foil) is shown in Fig. 4. The two •

peaks in the spectrum correspond to trailing (low-energy peak) and leading

(high-energy peak) protons arising from incident molecular ions whose

internuclear axes lie close to the incident beam direction. (These molecular

orientations are selected by the stringent angular collimation in the

experimental arrangement.) The slight asymmetry of the energy spectrum— there

are more counts in the low-energy than in the high-energy peak— is attributable

to the influence of wake forces ' ' ' which for small internuclear

separations (̂  1 S ) , tend to pull the trailing protons in towards the beam

direction. For internuclear separations lying between \/2 and X (where X is
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the wake wavelength), one would expect this asymmetry to reverse, since the

wake forces would then tend to push trailing protons away from the beam

direction.

The double-foil target arrangement permits exploration of the wake

force over several wavelengths. The first foil encountered by a beam

projectile is 4-yg/cm (̂ 200-8. thick) carbon. This foil serves to remove

the binding electron from each H, ion and thus to initiate the "Coulomb

explosion" of the resultant two protons. In the short dwell time (4 x 10 sec.)

in this first foil, the net effect of wake forces is negligibly small. In

the time it takes the two protons to traverse the gap between foils, their

separation increases from an initial value r to a value r given by •

r = (2d/v) <e 2/Mr o)
1 / 2, (2) j

where d is the gap width and M is the proton mass. [The initial COM velocities

of the protons due to molecular vibrations and rotations are small compared ;

with the COM velocity acquired in the Coulomb explosion and are neglected i

here. Equation (2) is based on the assumption that d/v is large compared :

with the characteristic time OyltT sec.) for the Coulomb explosion to develop.] The

second foil is much thicker (V1000 to 10000 X) and is chosen to be of a material :

(e.g. Be, Al, etc.) with low atomic number (to reduce multiple scattering)

and with a well defined volume plasma oscillation (to maximize wake effects

over several oscillation periods). Since the experimental arrangement selects
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only those incident H. ions whose interproton vectors lie close to the beam

direction, the phase with which a trailing proton encounters the wake

generated in the second foil by i t s partner preceding i t is given by

= 2iTr/A. (3)

Combining Eqs. (1)— (3), we see that varying the gap width by

(,rv2/Up> (MrQ/e2)1/2 (4)

moves this phase through 2TT.

Figure 5 shows how the asymmetry in population of the two peaks in

the proton energy spectrum changes as the gap between the foils is varied.

The solid line is a f i t to the data in the form of an exponentially decaying

sine wave. If we identify the wavelength of this sine wave with the value

21
d 'in Eq. (4), we find d. = 11.0 ± 0.1 microns. Other measurements have

shown the most probable ini t ia l internuclear separation to be r = 1.17 8.

Using these values in Eq. (4) , we derive a value for the volume plasnon energy

in aluminum of Uti) = 14.7 ± 0.2 eV in agreement with the value tun « 14.92 ± 0.06 eV
P P

22
determined from electron energy-loss measurements. The fi t ted curve in Fig. 5

gives a decay to 1/e after about 3 oscillations. The corresnonding value in

the electron energy-los3 experiments is 6 oscillations.22 (The faster decay

seen here is probably due to the fact that the range of values of r in the
o

incident projectiles tends to increase the rate of decay of the asvmmetry in

in proton energy spectra.)
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The measurements reported here although not yet conclusive,

constitute the rirst experimental indication that wakes actually do persist

behind fast ions traversing solids. These results can be expected to lend

added credence to the many suggestions that have been made concerning the

role of wakes in ion-solid interactions.

We wish to thank G. E. Thomas, Jr. for his help in preparing the

foil targets. One of us (D.S.G.) gratefully acknowledges the receipt of a

NATO/Minna-Jaines-Heineman award in support of the work reported here. This

work was supported jointly by the Bundesministerium fur Forschung und

Technologie, by the U. S. Department of Energy, Division of Basic Energy

Sciences, and by the Minna-James-Heineman-Stiftung of Hannover.
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WAKE EFFECT EXPLANATION TO BELL AND BETZ EXPERIMENT

P. M. Echenique
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Wake Fluctuations*

R. H. Ritchie
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The wake potential function just discussed by my colleagues Werner

Brandt and Pedro Echenique represents a statistical average of a quantity

that is subject to quantal fluctuations. Some workers have suggested

that these fluctuations may be so large as to vitiate the concept of

the wake as a quantity which may be used, e.g., in calculations of wake

shifts in atomic states on channeled ions and in estimating electron

binding in the wake of swift ions.

To examine the magnitude of such fluctuations, we have studied a

simple model system consisting of a swift projectile and a charge Q

moving with the same velocity and at specified distance from the pro-

jectile. It is relevant to compare straggling in energy "toss by the

test charge due to the wake of the leading ion with that due to direct

interactions with the undisturbed medium. For completeness we also

compare energy losses originating from these two separate sources.

We have shown 'that the straggling, n (p,z) in energy loss by the

test charge may be written

v/here

• a *

is the straggling in energy loss of the test charge due to the wake of

the leading ion and

Research sponsored by the Office of Health and Environmental Research,
U.S. Department of Energy, under contract W-7405-eng-26 with the Union
Carbide Corporation.
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is that due to the direct interactions of the test charge with the medium.

In the above equations "vMs the common velocity of the leading projectile

and the test charge, dR is the path length of the charges in the medium,

£(k,ai) is the dielectric response function of the medium, J (x) is the
2 2 2 2Bessel function and k = K + OJ /v . The test charge is taken to be

located at lateral distance p from the track of the leading projectile

and trailing at distance-? behind the projectile. Similar expressions

may be written for the energy loss of the test particle in traversing

the same path length.
2

Figure (la) shows the results of calculations of Q /dR vs z for a

typical case where v = 3 atomic units (225 keV/amu), Z = 1 and Q = e.

We have assumed that the medium in which the projectiles travel is an

electron gas with a plasma energy of 25 eV and have taken p = 0, i.e.,
the test charge is taken to be on the track of the leading projectile.

p
The dashed curve of Fig. (la) shows 9. 0/dR, the straggling which would
obtain if the test charge were far away from the leading charge. One

sees that at separations liH* 2.5 au, representative of those existing in
2

molecular ion systems, 8 is augmented by only about 10% due to its

proximity with the leading ion. Since the width of the energy loss

distribution curve is "vfi, this implies only ^5% increase in the actual

energy width. Figure (lb) shows the results of a calculation of the

total energy loss per unit path of the test charge as it depends upon

its separation from the leading charge. The energy loss of the isolated

test charge is shown as the dashed curve.
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2
We conclude from the calculation of R that under conditions of

experimental interest, energy fluctuations in the wake of a leading ion

have only a relatively small effect on ions moving in the wake of the

leading ion. This is to be expected since the trailing part of the wake

consists mainly in small displacements of a relatively large number of

electrons and, hence, carries rather small momenta. The leading ion

plows its way through the medium leaving only gentle perturbations that

persist in the neighborhood of its track. These perturbations may affect

the trailing ion appreciably but are expected to give rise to minimal

fluctuations in its motion compared with the fluctuations it experiences

in direct interaction with the undisturbed medium.

Figure 2 shows some experimental data on resonant coherent excitation

of atomic states of channeled ions (the Okorokov effect) taken by workers
I?)

at Oak Ridge. ; The broad dips in the curves of the number of nitrogen

6 ions plotted as a function of ion velocity are interpreted as due to

the excitation of single electrons from IS states on the projectile to

n = 2 hydrogenic states by the fluctuating electric field of the lattice

atoms. Resonance occurs at some harmonic of the fundamental frequency

2nv/a, where v is the ion velocity and a_ is the lattice spacing. The

doublet structure in these curves is thought to be due to wake-splitting

of the degenerate n = 2 states. The theory of wake splitting^ ' is

couched in terms of a wake potential evaluated over the charge cloud of

the atomic electron. Fluctuations in this wake potential may be regarded
as responsible for the transfer of energy to a bound electron and, hence,

lead to excitation and ionization of the electron. Calculations^ ' of

the rates of such transitions give energy broadening of the split n = 2
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levels in general agreement with the observed widths of the doublet

structures shown in Fig. 2. We conclude that both experiment and theory

bear out the idea that quantal fluctuations in the wake of an ion are

not so large as to invalidate the use of statistically averaged expres-

sions for the wake potential in computing wake splitting of atomic energy

levels on swift ions.

In addition, it may be shown' ' that lifetime broadening of wake-

bound electrons is primarily due to direct interaction of the electron

with the medium ' and that contributions of lifetime broadening from

fluctuations in the v/ake of the leading ion are of secondary importance

in comparison.

In conclusion, under many conditions of importance in experiment,

fluctuations in the v/ake of a leading ion in condensed matter are

relatively unimportant compared to fluctuations accompanying direct

interaction with the medium. The reason is that the wake of a leading

ion is composed in the main of relatively small perturbations of large

numbers of electrons. These perturbations may add to yield a large

average force but, because they carry small momenta, give rise to rather

small fluctuations of the force about its mean value.
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SOLITON SOLUTION IN THE WAKE INTERACTION

M. Kitagawa

Department of Electronics, North Shore College,

Atsugi 243, Japan

and

Y.H. Ohtsufci

Department of Physics, Waseda University, 4-170,

Nishi-Ohkubo Shinjuku-ku, Tokyo 160, Japan

The soliton solution in a wake interaction of an ion due

to virtual plasmons exchange is calculated in the region where

the propagating velocity of the ion is less than the mean ve-
2

locity of electrons in metals. We show that a sech x-type

soliton produces an attractive running potential in a plasmon

field. The dispersion relation between the energy and the

velocity, and the binding energy, of the ion in a soliton state

are also calculated.

I. Introduction

An energetic ion, which is incident into metals, or semi-

conductors with a higher velocity than, the phase velocity of

plasmons, produces a dynamical polarization potential accompa-

nied with virtual plasmons exchange behind it. Such a poten-

tial is called as a wake potential, and gives directional

influences to the motions of ion-ion, or ion-electron pairs.

Recently, in order to detect the dynamical effect of the wake

233
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potential, Gemmell et al. ' have performed experiments to mea-

sure the energy and angular distributions of ions transmitted

through thin solids. The experiments to detect the wake-riding

states of ions, or electrons have been also performed by mea-

suring the mass-dependence in yields of transmitted molecular

ions, their effective charges, and the energy and angular dis-

2 1)tributions of secondary electrons '-"'.

On the other hand, in the region where the ion velocity

becomes the same order of magnitude with the phase velocity of

plasmons, the amplitude of the oscillatory potential decreases.

In the region where the ion velocity is less than the mean

velocity of electrons in metals, we have the same type of cou-

pled differential equations with one which is known as soliton

solutions in particle model ' 'by taking into account of the

coupling between the dynamical potential and the motion of the

ion in it. We develop the calculations to get the coupled wave

equations in Sec.II. The soliton solution and the various

properties of the soliton are calculated in Sec.III.

II. Dynamically Screened Potential Produced by Ions

The dynamically screened potential produced by ions, which

are incident in electron gas, is represented in terms of a di-

electric function as follows '

i). (1)

Here, vW^nZ^/k2, ^(Ic,*) and ?(%,<») are Coulomb potential,

the dielectric function in k-«o representation, and the number
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density of the ion, respectively. Z^e (=&-) is the charge of the

ion. As concerns the interaction between the ion and the many

electrons system, we take into account of plasmon excitations

in. order to calculate the waka effect. The real part of the

dielectric function for plasmon excitations, £~̂ (lc,aj), has a

7)
simple form and is given approximatelly'',

at2

In Eq.(2), a»^ = az + vj^k indicates the dispersion relation of

the plasmon frequency, and V.v is the mean velocity of electrons

in metals. From Eqs.(l) and (2) and performing the Fourier tra-

nsformation to "r-t space, we have

3t<
• (3)

72R(?,t)

In the above, V™ is the Fermi velocity. We calculate the follow-

ing one which has the form of the separation variable in the

solutions of Eq.(3),

f(?,t) = Pj.(rx)fz(z-Vzt) I . (4)

In Bq.(4), V z is the propagating velocity of the ion and the

plasmon field along z-axis. Substituting Eq.(4) into Eq.(3),

we have the equations which include the contants of separation

variable, CQ, 0^f DQ and Dlf
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+C0R3 -Ciiif > . (5)
° z -1 Sir

f j. » Px and each constant of separation variable are determined

£ . from f^(rx) (the number-density of the ion in transversal plane)

i, > 0, and the normalization of ̂ (r^), then we have

CQ = 2110^ = b
2 = ̂ 2 A 2

V , DQ=JI
2 J

where K^br^) is the modified Bessel function of the second Icind,

2 2
and v£fj_(rj_) = b fx^1*!^ = 27tft.(ri) means the Poisson equation in

p
the two-dimensionally cylindrical space. JL is determined from

the normalization of f%. The differential equations for <pz (=

Pz + i>Z) and fz through H2 are also represented as a differen-

tial-integral form by use of the Green's function method, and the

results are

1$

'-(a-Va
Jt)), (7-2)

where e(z'-(z-V t ) ) is the Heaviside step function, f (z-Lt)

is the number density of the ion. ^-(z-V-t) and fi^iz-V t ) are

the localized and oscillatory parts of plasmon field, respecti
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Iir. Soliton-type Solution

Eq.(7-1) is the Klein-Gordon type wave equation produced by

fz. Now, we assume the variation of fz is small within the region

of the localized length of f , By taking into account of the cou-

pling between the dynamical potential produced by the ion, and
Y co •

the motion of the ion in it, we calculate .the structure of the
•A i>: L 2

ion wave function. The coupling between f* and Pz =\fz\ given

""c*i< by Eq.(7-1) and the Schro'dinger equation, gives the same-type

equations with the coupled equations which are known as the

soliton solution in particle model. Then we have,

The non-linear effect appears through the coupling of differen-

tial equations, and then we obtain the soliton solution. Prom

Eq.(8), we derive the following-type solutions, in which V> has

a plane wave term in phase,

Vn(h)exp(ik),

(9)

h = ^ z - a^t, Is. =

Then we have,

^1"AV—1>-^ " *Vo = 2Gb VzYo

fi2^2 d2y0 n2^2

2M d h2 - ^ 2M
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Prom Eq. (10-3) , we ob ta in U>2 = flWJj/n^ = MV^-ft, where ^ / ^

= V , and dVo/'dh. =0 gives the t r i v i a l so lu t ion t h a t Vo
 i s cons-

P P 2 P
t a n t . In the region where «> /̂l>£ = V^ ^ V^v, we have the

t Y p e s o l i i ; 0 1 1 solution from Eqs.(lO-l) and (10-2), where *f

is a constant

v ̂  ! Z | . fv ? Jfe af2
Q = o (ii-i)

dh2 1 ) ^ - 4 , 2 0 ^ 2 r 0

fSW; + EB (EB = 2
P

 2 ) (11-2)
2 z 3 B f2

In the above, Eq.(ll-2) gives a dispersion relation between the

velocity and energy of the ion, which appears in the phase term

of the ion wave function. Eq.(ll-l) has the solution which is

given in terms of the Jacobian Elliptic Function, that is given

2K 2 A

dX2 A U (12)

P = Asn2(BX)+C, C = A/((K4-S2+l)1'/2-(K2+l))J

Here K is the modulus of the Jacobian Elliptic Function. In

series solutions given in terms of K (0£K £ l ) , the Bell-type

soliton solution, which becomes zero at z-V t->i», is obtained

at K2=l. By use of Eqs.(ll-l), (12) and K2=l, we have

fQ = -Asech
2(B'(z-Vzt))

fQ = ±A'sech
2(B'(z-Vzt))

A = 3:
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•irtm 2

Puthermore the normalization condition of "f^, we obtain

a 2 = (14)

2 2
Then JL is determined. In F i g . ( l ) , a i s shown for each

EQ = l6Z^E2E
c(

E
Av"Ez^9il2u)pEAV ^ t i L e c a s e o f H + i n A u - A s i S

2 2
obtained from P i g . ( l ) , JL i s much smaller than to in the region
where E has the same order of magnitude with E,.r, except the

Z AV

region where 3AY~2 becomes the magnitude within 0.1 eV. In

2q..(13), ^Q(Z-V t) gives a seen x-type attractive running pote-

ntial, and EB= -•£jLp/(2M(vf7-V*)) in Eq.(ll-2), represents the

binding energy of the ion which is bound in the attractive

running potential. The results are shown in Pig.(2). For the

case of H+ in Au, the values of E B are the order of magnitude

from a few eV to 10 eV within the 30 eV lower region than B.v

(S6 keV). Prom the dispersion relation between the velocity

Vz and energy E (=110)2)
 0:f ̂ e i°n> w e obtain the following re-

sults. As is shown in Pig.(1) for the case of H+ in Au, the
o p

contributions of X to ft) are, about 1/10 at EAV-Ew=0.1 eV,

about 1/50 at E
Ay-

E
z= 1

 eV> a^^ about 1/100 at E.v-E = 10 eV.

Therefore, except the region where E...-E becomes the magnitude

within 0.1 eV,

i s a good approxiination.
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Prom Eq.(15 ), we have

From the condition of SZ-SAV < 0, we have E-E^S ~"'
aup< °«

The relation between S-S.^ and EZ~EAV
 i s skown in Pig.(3). E

CV: u' becomes the double-values1 function of E 2, and |E-34VJ<"S««) is

LA" forbidden. At E-EAV= -'fî -r ^^ phase velocity of the ion V -,

LTij+K which is dafined as

dwo "S u)^ ,

becomes zero, and the duality between E and E corresponds to

the pair of opposite phase-velocity states.
o

By taking into account of Eq.s. (7-2), (13) and that JlT is
2

much smaller than aJ in the region where V < V.y, the ampli-

tude of the oscillatory part of the polarization potential in
this region, becomes smaller than the amplitude of the wake

8 Q)
potential in the region where V Z > V A V '".

IV. Concluding Remarks

The soliton solution in the wake interaction of the ion

due to virtual plasmons exchange was calculated in the region

where the propagating velocity of the ion is less than the mean

velocity of electrons in metals. We showed that the soliton

solution, which has the form of sech. (z-Vzt) along the propa-

gating direction, and of K0(br_L)(K0 is the modified Bessel fun-

ction of the second kind) in the transversal space perpendi-

cular to the propagation, produces the attractive running pote-

ntial in the plasmon field. The soliton amplitude is propor-
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tional to (Z-,eM) , which is the characteristic property of the

non-linear effect. We also showed that the dispersion relation

between the velocity and the energy of the ion in soliton state

appears in the phase factor of the ion wave function, which is

interpreted that the ion is "bound in the attractive running

potential in the plasmon field. The binding energy of the ion

has the order of magnitude from a few eV to 10 eV within the 30

eV lower region than E,>„( S 6 keV) for the case of H + in Au.

The duality between the kinetic energy and the total energy of

the ion also appeared, which corresponds to the pair of oppo-

site phase-velocity states. The result that | E-E,v)<1iaJ is

forbidden, was also obtained as a noted property derived from

the duality.
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Figure Captions .

Pig.(1): The values of a for H + in Au.

Pig.(2): The binding energy Eg of H + in soliton state.for the

case of H+ in Au.

Fig.(3): The duality between the kinetic energy E^ and the

total energy E of H in soliton state for the case of

H + in Au.
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MOLECULAR DISSOCIATION PRODUCED BY FAST HEAVY ION BOMBARDMENT

A. K. Edwards, R. M. Wood, and M. P. Steuer

Department of Physics and Astronomy, University of Georgia, Athens, GA 30602

Abstract

A technique has been devloped to study the dissociative ionization of

molecules by fast, heavy ions. A pulsed beam of projectiles is focused

into a differentially-pumped chamber containing a gaseous, molecular

target. The fragment ions from the molecular target are investigated by

measuring their kinetic energy and their time-of-flight (TOF) from the

collision region to a detector. The simultaneous measurement of kinetic

energy and TOF separates the fragments according to their mass-to-charge

ratios and yields the kinetic energy spectrum of each. This time-energy

spectroscopy method has been applied to several diatomic rolecules and

simple hydrocarbons. Dissociative states of molecules and ionizing colli-

sions by different projectiles have been investigated.

INTRODUCTION

A technique has been devloped in our laboratory to study the

dissociation of molecules that have been ionized by fast, heavy ions.

This method separates the fragment ions of the dissociation process

according to their mass-to-charge ratio (it does mass spectrometry) and

yields the kinetic energy spectra of each fragment.

The structure observed in Me kinetic-energy spectra is found to be

different for different bombarding projectiles. The projectiles used most

are H , He , and 0 in the energy range of 0.5 to 4 MeV. The kinetic-

energy spectra produced by H projectiles are similar to those observed

in low-energy electron bombardment experiments indicating that single

ionization of the target molecule dominates.

When He and o ions are used as projectiles, additional structure is

found in the kinetic-energy spectra of the singly ionized fragments, plus

higher charge states of the fragments are produced with far more intensity.

The 0 projectile is the more efficient ionizer of the target molecule than

the He projectile.
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Experimental Procedure

The experimental method involves measuring the time-of-flight (TOF)

of the fragments produced by dissociation plus the fragments kinetic

energy. Figure 1 is a schematic diagram of the apparatus and electronics

used in this time-energy spectroscopy technique. Beam pulses from the

University of Georgia Van de Graaff accelerator, typically 100 nsec wide,

pass through a differentially-pumped collision chamber containing the

target gas. The fragments formed in the dissociative processes and ejected

at 90° from the beam direction pass through a focusing element and a

parallel-plate electrostatic analyzer. A channeltron detector is positioned

at the exit of the analyzer. Both the kinetic energy of a fragment and its

TOF from the collision region to the detector are measured.

Timing signals are generated by the beam pulses passing through a

capacitive pick-off unit placed before the collision region. The beam-

pick-off (BPO) signal is used to stop a time-to-amplitude converter (TAC)

which is started by a channeltron pulse. The TAC output is a signal whose

amplitude is linearly related to the TOF of the ion. It is recorded on the

y axis of a 64 x 64 array of a multi-channel analyzer (MCA).

The x coordinate is the voltage on the back plate of the electrostatic

analyzer and corresponds to the particle's energy at the time of its

production in the collision region. The back plate is swept continuously

by a triangular wave generator. Not shown in Fig. 1 are delays and other

circuit elements included to insure that the signal the to x and y axes of

the MCA arrive simultaneously for proper storage in the 64 x 64 array.

For a species of ion with a fixed mass-to-charge ratio, the locus of

possible T and E coordinates is described by the following equation:

T = Kx - K2 (m/q)1/2 E~ 1 / 2 - K3 (m/q)1/2. (1)

In the equation, T is the time recorded by the TAC. The energy, mass,

and charge of the fragment ion are E, m, and q, respectively. The constant

K. is determined by the adjustable delay in the time pickoff signal. The

constant K2 is determined by the length of the flight path of the ion before

it is accelerated by any of the applied voltages. The constant K3 is

determined by the analyzer voltage, focus voltage, and the geometry of the

analyzer system.
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As Eq. (1) indicates, ions with a specific m/q ratio are represented

by a unique curve in the two-parameter data array. An on-line computer

is used to find the energy spectrum for each of the separated ions curves.

In addition, the computer is programmed to determine the constants, K ,

K , K, in Eq. (1) by fitting data corresponding to known m/q ratios.

Another program is then employed to determine the m/q value for data

corresponding to an unknown ion.

Figure 2 is a typical contour plot of the new raw data obtained when

CO is bombarded by 1-MeV He projectiles. Different, clearly separated

curves are observed for C , 0 , C , 0 fragment ions. The discontinuties

in the C and 0 curves are due to the choice of projectile pulse repeti-

tion rate and timing adjustments.

Results

Study of the H_ molecule is unique in that the potential curves of
+ 2 3

H are well known. ' This allows us to predict a kinetic energy spectrum

for each dissociative state and then to fit these to the measured spectra.

The energy distribution of the H states are predicted by the reflection
4 5

approximation and a least square fitting routine is used to obtain the

fraction that each state contributes to the total observed spectrum.

Figure 3 shows the H and D spectra produced by 0.5 - 4 MeV He projec-

tiles. The smooth lines are calculated fits to the data.

The H 2 states used in the fitting routine are lsa , 2po , 2p7r , and

2sa , plus a doubly—ionized state consisting of the H - H Coulomb

repulsion curve. Attempts to fit the data with these five curves were

unsuccessful at the low energy end (<5 eV) of the spectra. It was

necessary to predict an unknown autoionizing state of H in order to

explain this discrepancy.

An investigation was made of the relative contribution that each

dissociative state made to the observed spectra as a function of projectiles

H , H2, He , and O . Of the H fragments that originated from an H +

dissociative state and had kinetic energy greater than 2 eV the 2pa and

2pTr states contributed 85-90% of the total. Also, for single ionization
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of the H? target, the projectiles He and H2 exhibit the same cross

section as a function of projectile velocity. However, these two projec-

tiles behave very differently when producing double ionization. The H

projectile produces practically no double ionization while the He pro-

jectile shows a measurable amount of double ionization (about 29% of the

total ionization of 1 MeV) that decreases nearly exponentially with pro-

jectile velocity.

Other Diatomic Molecules
~~~~~~~~~~~~~^~"^^~*~^^^~ 8 9 10

The other diatomic molecules that we have studied, N_, 0 , CO
10 '

and NO do not offer the luxury of having known potential curves for the

dissociative states of the molecular ions. The bound states are well known

from molecular spectroscopy but not so with the dissociative states. The

kinetic energy spectra of the fragment ions show a multitude of structure

that is difficult to unravel. For example, the 0 - fragment energy

distribution from O molecules can arise from dissociative states of 0,,
2+

O , etc. Presently, the other fragment from the dissociation process is

not detected and, without the aid of known potential curves, it is not

possible to determine unambiguously the initial charge state of the

dissociating molecular ion.

For heteronuclear molecules, such as NO and CO, an indication of the

initial charge state is possible. The conservation of momentum and energy

in the dissociation process gives a relationship between the energies of

the two fragments. For example, a CO molecular state that dissociates

into a C and an 0 ion would produce a peak in the C kinetic energy

spectrum that correlates to a peak in the 0 kinetic energy spectrum

according to the dictates of the conservation of momentum. On the other

hand, a C peak arising from a CO dissociation would not show a counter-

part in the 0 spectrum.

This analysis has worked very well for CO and NO and the results of

CO are shown in Fig. 4. The dashed lines are the C spectra and the smooth

lines are the 0 spectra. The yields are plotted as a function of dis-

sociation energy allowing comparison of both peak positions and intensities.

When H projectiles are used to ionize the CO it appears that single

ionization dominates. The C and 0 fragments come from potential curves

of CO with different dissociation energies. When He and 0 projectiles

are used there are two peaks that can be correlated indicating that two
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CO states are excited that decay to produce C and 0 fragments. Also,

for the 0 projectile it appears that a peak in the 0 spectrum correlates

to a peak in the C spectrum (dot-dash curve) indicating that a CO state

decays into 0 and C fragments.

Hydrocarbons

An investigation has begun into the molecular dissociation of simple

hydrocarbons that are bombarded by fast heavy ions. Parts of the kinetic-

energy spectra of the various fragments consist of sharp peaks, indicating

the dissociation of the-molecule into two parts along a potential surface.

Parts of the spectra consist of smoothly varying energy distributions

indicating possible multibody breakup with the dissociation energy being

shared by the several fragments.
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Pig. 1. Schematic of the apparatus and electronics
used to obtain the kinetic energy spectra
of fragment ions.

ENERGY

Fig. 2. A photograph of the raw
data obtained from the
dissociation of CO.
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Fig. 3. H and D yields as a function of kinetic
energy for 0.5 - to 4-MeV He+ incident on
. H2 and D2. The spectra are normalized to
the same height. The solid curves are
calculated fits to the data.
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Fig. 4. yield per unit dissv .j.acion
energy as a function of
dissociation energy. Dashed
lines represent C+. Solid
lines represent 0+. The
dot-dash line represents C2+.
The dotted line represents
r>2+



LOCALISATION OF ELECTRON CONTINUUM STATES FOLLOWING CHARGE EXCHANGE

P.B. Treacy
Australian National University, Canberra.

Electrons produced by charge-exchange reactions, such as

p + (C + e) f (p + e) + C (1J

are known to iiave forward velocity spectra with sharp peaks at the projectile

(p) velocity1'2"^.

Such continuum states are presumed to be formed near the exit surface

of a solid target. The purpose of the present note is to explore the

physical localisation of such states, and perhaps thus infer their stability

within solid targets.

Theories based on Born approximation predict well the peak shapes of such
-11

electron velocity spectra . In general, it appears that a second Born term

is necessary . A true three-body treatment based on Faddeev theory is

equally successful and .suggests also the origin of a background term in the

-.elocity spectrum. Fiy.l shows a typical spectrum taken after transmission

of a 1.5 MeV proton fat-am through a carbon foil target.

The process [1) may be considered as a pick-up process. We will now

explore a treatment based on the well-known R-matrix theory of nuclear reactions.

In this approach, known two-body interacting states of the final 3-body system
7 S):ire used to construct a density-of-final-states function'' . The simplest

9)example of such a reaction is illustrated by the nuclear reaction

p + -Be -> d + 3Re (5)

which feeds particle-unstable states of the Be nucleus, chiefly the ground

state at 0.096 MeV above the (a*a) state. The energy spectrum of deuterons,

or of decay products, may be described by the function

prn) .

where r is the (8Be) width and F:r = 0.093 MeV. Experimental data with a fit

using 2 final states of 8Be, are shown in Fig.2, taken with a 40 MeV proton

beam at Michigan State University • . We note that the final-states density

depends only on the known states of the system: resonant and bound (if present),

but not "scattering" states. (Note the structure near channel 50 in Fig.2.)

We turn to the reaction (1). It is clear that there are no resonant

states of the (p+e) system. However, a density-of-states function must include

bound states. We saw in Fig.2 the nearly-bound ground state of 8Be, and
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3)there was a "tail" to higher energy. This is a ghost , predicted by 00.(3)

by the strong energy-dependence of "(E). A straightforward computation may

similarly he made of the density of final states of the proton-electron

system in rerms of its bound states, and their ghosts: these states occur

at energies -!Wn 2, with orbital angular momentum 0 to n-1. The furthest

from threshold is at Ur = -13.6 eV, and there is no obvious reason to assume-

any explicit n-dependence of feeding of the terms in p (eq.3). A many-level
111K-matrix generalisation of (3) , has been used to calculate the density-of-

1')states function of (p->-c) . In the R-matrix method , one must choose a

channel radius which best fits the data, and impose a constant boundary

condition on the eigenstates at that radius. Referring to Pig.3, the radial

s-st.ntes of the li atom all have their first maximum near a = 0.529 ,*, the
o

Bolir radius, thus forming an acceptable set of R-matrix s ta tes . A calculated
doiisi tv-of-states function at channel radius a was calculated and is shown

o

by the dashed curve in F:ig.l (that the 2s, 3s... states extend beyond a does

not violate the R-matrix requirement that there be no polarising interaction

beyond the channel radius, for this one-channel, fixed-potential case;. The

Is (ground) state is a dominant component of the fit.

Tims an R-matrix ghost state, comprising mainly the "tail" of the

ground state, is consistent with the velocity spectrum of electrons from the

ip+e) system. It follows that such a state, of si:e a , must have some

stability within a solid target. In an amorphous target one may expect it

to survive a thickness t, where

Va,/ : 1 (A)

with \ the atom density of the target. Eq.4 implies a value in carbon of

t = 10 X, i.e. a surface density of 0.2 pg/cm2. It could also be expected

to be channeled in a single-crystal target. Thus continuum charge states

must be assumed to exist well back from the last surface of a foil target,

and their properties must be allowed for alongside those of others such as

"wake-riding" states.
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FIGURE CAPTIONS

Fij-.i Electron forward velocity spectrum frora charge-exchange of 1.3 MeV
protons in carbon. The dashed curve is a calculated fit.

F:«. - Deuteron energy spectrum from the reaction °Be(p,d)3Be at a proton
energy of 39.91 MeV.

Fiji. ''• II lustration of hvdrogenic wave functions (from Condon f, Shatley,
Theory of Atomic Spectra, CUP, 193S)
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Calculated (solid curve; cr.d measured (histogram) spectra of dcutcrons at 10°
fn>M :hc reaction 'Bcfp.ui 'Be with a proton Bombarding energy of 39-91 McV. The 1 — 0
and 2 components of the calculated cur.c :trc plotted as dashes and dol-^i.ishes respectively.
Foi cnanr.c! numbers less i l un 30 or sealer th.m 110, liie counts per channel are ft-normal-
i « d to \yi)iC of collected charse. The data in" channels 35 to iOO ar« used in ihe fittins
procedure, " ; t h the / «• 0 component noimalized to the ground state main peak.
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OPTICAL MEASUREMENTS OF MOLECULAR DISSOCIATION BY THIN FOILS

H. G. Berry

Argonne National Laboratory, Argonne, Illinois 60439

ABSTRACT

This is a brief review of the types of

optical measurements and their results.
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Figure 1 compares schematically the two experiments of observing

atomic radiation from an excited atom or ion after a thin solid foil in the

first case using an incident atomic ion, and in the second case, using an incident

molecular ion. We can assume that the major effects in producing the atomic

excited state occur near the final surface of the foil (within the limits

of the dotted line shown in Fig. 1). Hence differences in the atomic radiation,

which is observed far from this surface interaction region, will be due mainly

to differences in the two cases within this surface interaction region.

As most molecular ion dissociation experiments use particle

detection, it is useful to compare the advantages and disadvantages of

photon detection: the principal advantage is that specific excited states

of a given ion can be detected (through the photon emission). Thus, neutrals

as well as charged ions can equally well be measured. Several particle

experiments have qualitatively shown the sensitivity of the type of molecular

state (excited or ground state) to the dissociation within the solid or gas

target, to the transmission probability of molecular ions through solids, to

the energy, angle ring patterns of the dissociated products, etc., and to

the "central peak" parameters. It has become apparent that for improved

descriptions of these dissociation processes, we need to follow the time

development of the excited molecular energy levels as a function of internuclear

separation. Various groups, e.g. Cue, Remillieux et al, Gemmell et al, and Levi-

Cetti et al, have already began these approaches. However, such molecular

term diagrams are largely unknown. Possibly only for the lowest states of

the simplest molecular ions, H^ and HeH , have these diagrams been calculated.

The optical measurements can provide measurements on unique excited states:

both atomic states, which couple only to a few molecular orbitals at large

internuclear separations, and molecular states in the probably rare cases of

excited but bound state molecules being transmitted through the targets.
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Three principal types of photon measurements have been made thus

far. These are total light yield, doppler profiles and optical polarization.

Doppler profiles have been measured to give directly the explosion

kinetics for various molecular projectiles such as OH , OH, , OH. as functions

of the final excited state of a neutral hydrogen atom. No dependence or

excited state was observed. Such measurements are not as precise as the

direct particle measurements (which average over all excited states) both

from statistics (lack of photons) and from doppler broadening in the detection

system. Note that these measurements depend on the total interaction process

(Fig. 1), not just the surface excitation.

Total light yields have been compared for the various excited

neutral helium states when using He or HeH projectiles (see T. J. Gay

et al, this conference). I just note here that the yields depend sensitively

on the atomic state being observed, showing that the molecular orbital picture

must be invoked. The yields in general depend on the proximity of the

partner ion of the original molecule in the surface interaction region.

This proximity length must be of the same order as the length of the surface

interaction region, and hence this type of measurement helps in analyzing the

surface interaction of single ions. Our measured length appears to be in
o

the region of 10 to 50 A.

Finally, the polarization measurements provide an analysis of the

alignment of the ejected excited ions. This alignment can be expected to be

sensitive to the field of the partner ion as it passes through the surface

interaction region. We show (see Gay et al, this conference) that the

alignment also depends sensitively on the internuclear separation of the

ions at the final surface, and on the excited states. The results for the

transitions observed (Fig. 2) must be interpreted on the molecular energy

diagrams for the HeH molecule.
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The n = 2 and n = 3 states of neutral hydrogen have also been

measured through the emission of Lyman a(n = 1 - 2) by Gay et al, and of

Balmer i (n = 2 - 3) by Schectraan et al (see Fig. 3). These measurements are

sensitive to the mixing of states of different orbital angular momentum

(s, p and d states). Consequently, their interpretation in terms of

molecular energy diagrams is more difficult. The close degeneracies cause

many level crossings at large internuclear separations.

Work supported by the Division of Basic Energy Sciences of the

U. S. Department of Energy.
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FIGURE CAPTIONS

Figure 1. Geometry of fast atomic ions (above) and fast molecular ions (below)

incident on a thin foil. Atomic radiation (tw) is observed downbeam

from the foil at a large distance relative to the final surface

interaction region (within the dotted line).

Figure 2. Energy level diagram for neutral helium, showing the n = 2 - 3

transitions. The individual transitions shown can be spectrally

resolved using either interference filters or a monochromator.

The transitions marked have been analyzed in detail for foil

dissociated HeH ions.

Figure 3. Energy level diagram for neutral hydrogen. Balmer a radiation

(n = 2 - 3) is a partially coherent mixing of the 2s-3p, 2p-3d

and 2p-3s transitions.
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FOIL INDUCED DISSOCIATION OF FAST H 2
+ MOLECULAR IONS

STUDIED BY QUANTUM BEAT SPECTROSCOPY*

R. M. Schectman and D. G. Ellis, THE UNIVERSITY OF TOLEDO

We have employed quantum beat spectroscopy to study the dissociation of

fast H 2
+ molecular ions leading to excited hydrogen atoms in the n = 3

quantum states. The complexity of the final state due to the near degeneracy

of the levels makes it convenient to supplement conventional optical spec-

troscopy techniques with those of quantum beat spectroscopy and allows a

wealth of detailed information concerning the excitation process to be

obtained.

Fast H2
+ ions (280-350 KeV - v • 5 mm/ns) impinge upon carbon foils

of thickness tp = 2-25 yg/cm2; at a distance x downstream of the foil, Ha

radiation from neutral H atoms formed in the dissociation of the H 2
+ is

detected by a low-noise red-sensitive photomultiplier tube and a narrrow band

filter, and the intensity of the Ha radiation polarized parallel to the beam

(I,,) and polarized perpendicular to the beam (Ia) is measured as a function of

x; quantum beats are observed and the seven quantities:

the excitation amplitudes

P po
ad = CTdo

the alignments

2°d2

AP = aP0 " V
Ad = ad0 + adl

Where the a's are
elements of the
H(n = 3) density
matrix in the suna
representation.

and the complex s-d mixing amplitude with

magnitude asd and phase 6

*Work supported in part by the U.S. National Science Foundation.
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are extracted from the data. Thus detailed information concerning the

magnetic substate populations of each set of i levels is obtained. Our long

range program is to determine these quantities as a function of the foil

thickness tp--and, thereby, as a function of the interproton separation upon

emergence from the foil (presumably the separation when an electron is

captured forming H2
+ in a dissociating state); in addition, these results

are to be compared with the H(n = 3) density matrix parameters for incident

H+ ions of the same velocity, where molecular formation cannot occur.

Analysis

Figure (1) shows the optical transitions selected by the interference

filter and the quantum beats which may be observed. (For pedagogic purposes,

the hyperfine structure is not displayed here.) For the case of excitation

of atomic hydrogen with the beam providing the only definable spatial

direction, it is easy to show that for spin independent production

I,, + 2IX = <{CS as e"
rS t - t° + Cp ap e'

rP t - t° + Cd ad e'
rel(t-ta)} (1)

where < is the overall detection efficiency, the r's are the known decay

constants for H(n = 3), the C's are also known constants and (t-t 0) is the

time after excitation; thus, a leasi squares fit of I,, + 2I X to Eq. (1)

provides the excitation amplitudes a , a and o,; similarly

I.,- W ic£Cp
>Ape"

rPtt"to) (1 + Cp" cos wp(t-t0)

+ V A d *"rd(t'to) 0 + V cos U(j(t-t0)

:o) cos <o,.("t-t0 + s) (2)

where w and « d represent the known p and d fine structure splitting frequencies

and u d s the energy differences between the ds/2
 and &1/2 levels and the Sj/2

level; again the C sand C" s are known coefficients (Equation (2) is
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modified somewhat by hyperfine structure and this is taken into account in the

actual analysis); a fit of I,,- Ix to Eq. (2)--or rather the exact equation

in the presence of HFS--gives rise to the alignments A and A. and the sd

mixing term a J, <5.

For the case of incident molecules, the interproton direction furnishes

a second definable spatial direction which must be considered and which

must subsequently be averaged over. If one assumes that the incident

molecules lose their bonding electrons shortly after striking the foil, the

protons then separate due to coulomb explosion and multiple coulomb scattering.

This experiment studies those proton pairs which capture an electron somewhere

near the exit surface and form an H2 molecule in a state which dissociates

to a proton and a hydrogen atom in an n = 3 state. This molecular formation

occurs in the field of the foil surface, and the states formed are a result

of the competition between the intermolecular forces and the surface field.

The purpose of this experiment is to study this competition (and, therefore,

the surface field) as a function of interproton separation. The result of

this competition, it can be argued, is to maintain the form of Eq. (1) and

Eq. (2); however the coefficients C" , C" . and C" . no longer can be

predicted simply by angular momentum algebra but depend also upon the details

of the molecular formation process. In fact, it is easy to argue that—after

averaging over interproton orientations relative to the beam—the C" s are likely

to vanish—although, experimentally, this is no_t the case. For the purpose

of phenomenologically describing observations, it is useful to define beat

attenuation coefficients for p and d FS beats as

„„ OBS-MOL
. C"

c,, THEOR-AT '
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Preliminary Data

Figure (2) shows the beat curve observed when 170 KeV protons traverse

6 ug/cm2 carbon foils (dwell time tD = 6.4 fs*). The dashed curve is the

fit to theory given by Eq. (2) extended to include HFS. Since the quality

of the fit is quite good, the data can be well represented by the fit curve

alone and this is shown--for comparison with the molecular measurements—in

Figure (3a). Major features to be noticed here include:

a) the high frequency (p level FS) beat which decays in amplitude

with the p lifetime of 5.4 ns

b) the lower frequency (d level FS) beat which decays in amplitude

with the d lifetime of 15.6 ns

c) the corresponding double exponential decay of the mean value

of In - Ij. with coefficients corresponding to both A and A.

being negative.

When 340 KeV H 2
+ strike a 6 ug/cm2 foil, the observations are quite different.

The beat data cannot be fit by Eq. (2) without introducing the attenuation

coefficients defined in Eq. (3). When this is done, the fit to the experiment

is quite satisfactory and is shown in Figure (3b). Here it is clear that

a) the high frequency beat is greatly attenuated, a = .05,

b) the low frequency beat is—perhaps surprisingly—only slightly

decreased in amplitude, a. • 0.5-0.6, and

c) the p alignment has changed sign.

For reference it should be noted that in traversing a 6 ug/cm2 foil, the

mean separation due to coulomb explosion along would be approximately 2.8 A"

while, due to multiple scattering, the expected mean separation is

increased to about 6.5 A*. Of course, a spread of separations—due to both

the spread of initial separations and the statistical nature of the multiple

*Well in the "blue" region of Remillieux and Brandt.
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scattering-results. Figure (3c) shows similar results for 15 yg/cm2 foils,

where tD = 16 fs and a mean separation upon emergence of nearly 30 & is

predicted, mostly a result of multiple scattering. It should be noted that,

while the beat pattern is approaching that observed for incident protons,

significant differences remain even for these large interproton separations.

Since the Bohr radius of a H atom in the n = 3 state is roughly 4.5 A,

it is clear that production of dissociating molecular states must be considered.

To further study the influence of the foil surface upon the states produced,

measurements with a variety of foil thicknesses--especi'ally those smaller

than 6 ug/cm2, but also for some larger than 15 ug/cm2—are underway. In

addition, models of the excitation—phrased in terms of superpositions of

molecular orbitals--are being constructed. In the interim, it is interesting

to note one feature of some of the relevant molecular orbitals shown in

Figure (4). A possible mechanism for the persistence of the d-beat

shown in Figure (3b) may lie in the occurrence of the indicated pseudo-

crossings between MO's which ultimately connect with the d5/2
 6nd d3/2

levels. Mo such crossings connect with the p levels. Since these c>jssings

occur at interproton separations of some 2-15 A, the measurements which will

be carried out as a function of t~. should be particularly sensitive to these

effects. Alternately, it may prove necessary to postulate final state

interactions to produce the observed coherence between close-lying molecular

orbitals.
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Figure (1). Schematic diagram (not to scale) of the optical transitions

selected by the narrow band interference filter employed in

this experiment. Circles indicate beating transitions and

approximate beat frequencies. For simplicity, hyperfine

structure is not displayed; it is, however, accounted for in

the analysis procedure employed.

Figure (2). Quantum Beat Curve (I,, - Ix) for 170 KeV protons incident

upon 6 ug/cm2 carbon foils (tD = 6.4 fs). The dashed curve

is the fit to the theory—Eq. (2)—extended to include HFS.

Figure (3). Observed Molecular Effects: Comparison of beat curves for

170 KeV protons incident upon 6 pg/cm2 carbon foils (3a)

with that of 340 KeV H 2
+ ions incident upon foils of similar

thickness (3b) and upon foils of thickness 15 yg/cm2 (3c). The

mean interproton separations upon exit from the foil in (3b)

is predicted to be about 6.5 X, while that in Figure (3c) is

nearly 30 A.

Figure (4). Schematic diagram of some of the relevant molecular orbital

levels which ultimately dissociate, leading to H atoms in

the observed FS states. MO's connected by O O 's

display pseudn crossings in the region 2 - 1 5 ft.
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OPTICAL OBSERVATIONS OF MOLECULAR DISSOCIATION IN "UJIN FOILS

*
T. J. Gay and H. G. Berry

Argonne National Laboratory, Argonne, Illinois 60439

ABSTRACT

We present measurements of the intensity and

polarization of light emitted from several excited

states of neutral helium, after break-up of the HeH

molecule in thin foils. We vary the foil thickness

to study their dependence on the internuclear

separation of the He and proton at the final foil

surface and postulate that the variations observed

are sensitive to the molecular orbitals of the

dissociating HeH molecule.
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The main production of excited states in fast ions having traversed

thin foils is generally accepted to take place at • tie exit surface of the

foil. The process occurs partially through elec1 n pick-up or electron

excitation processes in the 1 to 100 A distance Jin C':> foil surface.

We have previously shown that these interactiont arp sensitive to the foil

surface temperature and have suggested that this is cue directly to changes

in the secondary electron distribution as the ion leaves the surface.

Specifically, higher temperatures result in fewer secondary electrons and

higher polarization or atomic alignment. This model suggests that the

influence of the secondary electrons is to produce a more isotropic alignment.

In order to probe the distance parameter of these surface interactions,

we have used the bombarding molecular ion HeH . We are then able to observe

the influence on the alignment of neutral helium excited states of a nearby

proton. The proximity of the protoa is varied by the simple procedure of

measuring the alignment using different foil thicknesses. In Fig. 1, we

show the results of our calculations of the average He-H internuclear separation

as a function of foil thickness for ions of 125 and 650 keV energy (per He).

Multiple scattering, energy loss and Coulomb explosion have been taken into

account.

In Figs. 2 and 3, we show the influence of the nearby proton on

the total populations of several excited states of neutral helium. We note

that the proximity of the proton induces enhanced population in the 3p P and

3 3
3d D states, but not in the 3p P states. The enhancement is a factor of

three for the thinnest foils we have used, and it dies away much faster for

1 3
the P state than for the D state. The intensity is reduced to 60% for foil

2 1 2
thicknesses of U ug/cm for the P state, but not until 10 ug/cm thicknesses

3
for the D state. We show in Fig. 3 that the control experiment with incident

He ions, shows no intensity dependence on foil thickness.
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Figures 4,5 and 6 show that the linear polarization fraction M/I,

which is a measure of the atomic alignment,is reduced at foil thicknesses

where the exciting proton is close to the excited neutral helium atom.

Thus, the presence of the proton tends to make the average excitation more

isotropic. This occurs for the cases when the polarization is either

positive (3p P and 3p P initial states) and negative (3d D initial state).

However, it is interesting to note from Figs. 4-6 that the distance

of influence of the neighboring proton on the alignment is very different

for 'he different excited states. It ranges from 20 a.u. for the 3p P

3 3
state, 30 a.u. for the 3p P state to nearly 100 a.u. for the 3d D state.

The wide variations in these internuclear distances (which must be

similar to the effective range of the surface interaction in formation of

these states) suggest that a molecular model should be used to explain the

variations. In particular, the 3p P and 3p P wave functions are very

similar. However, the molecular orbitals of dissociating HeH into these

levels are very different. Level crossings of dissociative levels at these

large internuclear separations may account for the observed differences.

Tom Green" has recently calculated the relevant HeH molecular orbitals as

a function of internuclear separation, and we are investigating this problem

further.

Work supported by the Division of Basic Energy Sciences of the

U. S- Department of Energy.
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FIGURE CAPTIONS

Figure 1. The HeH internuclear separation as a function of carbon foil

thickness at exit energies of 125 keV and 650 keV.

3 3 °
Figure 2. The light yield of the Hel transition 2p P - 3d D at 5876 A as

a function of foil thickness using He projectiles (open circles)

and HeH projectiles (closed circles). The beam energy was

adjusted to give 650 keV exit energy for the emitting atom.

Figure 3. The light yields for the two Hel transition. .. P - 3p P at

o 3 3 o
5016 A and 2s S- 3p P at 3889 A as a function of foil thickness

using HeH projectiles.

1 1 °
Figure 4. The linear polarization fraction of 2s S - 3p P, 5016 A, as a

function of foil thickness, using HeH and He projectiles at

125 keV He exit energy.

3 3 °
Figure 5. The linear polarization fraction of 2s S - 3p P, 3889 A, as a

function of foil thickness, using HeH and He projectiles at

500 keV He exit energy.

3 3 "
Figure 6. The linear polarization fraction of 2p P - 3d D, 5876 A, as a

function of foil thickness, using HeH and He projectiles at

650 keV He exit energy.
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Electron Emission

M.W. Lucas*

Physics Division, Oak Ridge National Laboratory

*Permanent Address: School of Mathematical and Physical Sciences
University of Sussex
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I want to discuss three aspects of electron emission from ion

bombarded targets.

I. The cusp observed near v . c + r o n
 = v. ; its shape, its magnitude

as a function of v. , differences between gaseous and solid targets

and differences when molecular ions rather than monatomic ions are

used as projectiles.

II. Possible interference effects associated with this cusp. These

are predicted by the theoretical approach adopted by Macek(1970) but

seem to be very difficult to observe.

III. The electron velocity distribution for 180° ejection and its

relation to the wave function of an electron moving with an ion inside

a solid. This I shall call the "Back bounce Experiment" and it may

help to elucidate whether such an electron is captured into an atomic

or wake-bound state of the ion.

I anticipate many of the audience will be familiar with at least

one of these topics but wish to bring them all together in an effort

to achieve some overall assessment of our understanding of secondary

electron emission from both gases and solids and its relationship to

theories of Charge Exchange to the Continuum (CEC) and Wake Riding(WR).

I. (a) Peak Position

All the early CEC and WR theories agree that the cusp in the forward

electron velocity spectrum occurs at v ] t = v. p. To the best of

my knowledge, this is confirmed in all the experimental data (to within

at least 155) no matter what type of ion, atomic or molecular, high Z

or low Z, or what type of target fs used. However, a very recent second
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order Born CEC theory of Shakeshaft and Spruch (1978) predicts that vg

at the cusp is marginally smaller than v. but this has not been tested

experimentally.

(b) The Dettmann theory predicts that the cusp is symmetric about

v = v. and that at a fractional height (1-r) measured from the base we

expect a half-width:

for an analyser collecting electrons in a cone of semi-angle 0 . For r=l/2

we obtain the much quoted relationship

though in principle Av may be examined at any height,although the theory

is expected to be most accurate near the top of the cusp, i.e. for small r.

The interpretation of this result has caused some confusion in that the

cusp typically sits on a smoothly decreasing signal of ejected electrons.

It is important to realize that this is not a "noise" signal to be sub-

tracted off the experimental data but a signal incorporated within the

theory. Hence the measured widths must correspond to a height taken to

the base line. The way in which CEC theory describes all of the electron

ejection very close to the peak is best seen by reference to the three

body collision of figure 1.
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Fig. - The three body collision

K.

1
i r

C Si I ~-r, r; ;»,. f * .""/

AT

ft

\

*'M*

We have to find the scattering amplitude for an electron in the

field of two Coulomb centres, one stationary, one moving, for all

velocities of the electron relative to each centre. Once we have this

amplitude the derivation of the cross section follows rigorously from

the resultant T matrix. The central difficulty is that we cannot write

down a single wavefunction which will represent the electron for all

possible situations. We have to construct separate amplitudes for the

situations (a) when the interaction between the electron and target is

strong and (b) when the interaction between the electron and projectile

is strong.

Having done this we have counted twice—there is only one electron—

so we must introduce a counter term so arranged as to cancel (a) when

(b) is dominant and vice versa. These three terms are respectively
a23'a12 anc* a °^ Mace'('s equation (16). Since the Born approximation

may be more familiar we write them out below in the notation of Dettmann

et al (1974) (DHL),
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restricting ourselves to first order since that is sufficient to make

the point.

Now the first term can represent target ionisation: that is the

electron 'm' moving slowly away from the target M, and M1 moving rapidly

away from M and m. Hence if p~[r) is a Coulomb wave centred on M this

term is the usual Born amplitude and we call it 'direct ionisation1.

The second term is CEC with &' (r1) the Coulomb wave about M', which
T k

represents M' and m moving slowly away from one another, but both moving

rapidly away from M. We could call this 'rearranged ionisation' though

strictly such a term implies a two-step process and the use of a second-

order approximation. The third term is the counter term in the limit

of all three particles separating quickly. Notice how it works. If

CEC dominates (second term) the electron has large k with respect to

the target. The Coulomb wave <P (r) becomes e and the first and

third terms cancel. There is no other source of electrons to provide

a 'background' which has to be called 'direct ionisation' and subtracted.

As we move into the wings the cancellation from the counter term becomes

progressively imperfect so that it is necessary to calculate all three

terms to predict the whole velocity spectrum. This of course is what

Macek has done. Me see here the great similarity between the Dettmann

and Macek approaches. Macek has only a first-order approximation but

can compute the whole spectrum, Dettmann retains an analytic approach

and to second order but can only describe the neighbourhood of the peak

in the spectrum. Now my argument concerning the cancellation of the
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first and third terms is not quite exact for the typical vi of from

one to ten atomic units used in most experiments. Robin Shakeshaft

has kindly made numerical calculations for me which show that k̂  really

does have to be rather large to get cancellation of the two terms to

within say 10%. However we see in figure 2 of Steckelmacher et al (1978)

that for protons on carbon the half width of the peak certainly does

increase with v. just as CEC theory predicts and is not substantially

independent of v- as in the WR model.

F i n n 2. The half-width of the cusp it 70% of the full peak height as a function of the
corresponding v, for protons and H, ions incident on self-supporting (10-lSpgcm~2)
carbon foils. The measured values are from a number of spectra (and different foils)
for incident energies (£,) from O5-2'5 MeVamu"1. A, protons; O, H2 ions; continuous
line, cic theory (90 • 1-35'); T, systematic error.

(
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Some new results concerning peak shape are of great interest and

are beginning to show consistent differences between gaseous and solid

targets. I think it is correct to say that all these results indicate

the peak is narrower on the high velocity side, an asymmetry particularly

apparent with the high Z projectiles used by Sellin's group and one that may

just be seen in some of our results using even protons on gases (Cranage

and Lucas 1976). For solid targets the asymmetry is less marked.

Shakeshaft and Spruch (1978) have found a mistake in our algebra which

qualitatively explains this. We had originally thought that the pre-

dicted peak shape was independent of whether the calculation was made

in the first or second Born approximation but this now appears untrue

as is shown in figure 2 of Shakeshaft and Spruch's paper.

16 18

E , ( k e V I

2 0 2 2 2 4 2.6

2.0

§ ,.5

1.0
TJITJ

0.5

12 13 14
v, (o.u.)

FIG. 1. The differential eroi« section dtr/dv, i* a
function of tha electron Telocity, vt, of convoy elec-
trone emerging at 0* with reepect to the Ion beam for
106-MeV Si*u (daabed curve) on 30-mTorr Ar gaa and
SI* (wild curve) on 100-^ig/cm1 An foil. The electron
energy E, In marked aeroii the top of the figure.

BRINKMAN- KRAMERS

SECOND BORN
V

-0.2 -0.1 0 0.1
Ve-V (ATOMIC UNITS)

0.2

FIG. 2. The singly differential cross section for con-
tinuum electron capture from the Is state of a hydrogen
atom by a bare ion of atomic number Za = G incident
with an energy of 2 :.IeV per nucleon in the lab frame.
The electron emerges into a cone of semiangle 90
-1.85'. The curve marked "Brinkman-Kramers" is
the contribution to the differential cross section from
the Brinkman-Krarcers amplitude, while the curve
marked "second Born" Is the contribution from the sum
of the first- and second-order Born terms, do/du. Is

//.'a/ft r/i<s/
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The predicted skew is obviously quite dramatic but as yet neither the

calculation nor the experiment can be performed for quite the same

conditions so comparison remains qualitative.

Finally, since this workshop is predominantly about molecular

effects, I should like to draw attention to the points shown on

figure 2 of Steckelmacher et al. for H, incident on carbon foils.

These, and indeed the early results of Kevin Harrison always show peak

widths a little narrower than those arising from protons of the same

velocity. This may be related to the correlation existing between the

two protons as they traverse the foil and in that respect a manifestation

of the wake force. However I would stress that on present evidence it

does not appear necessary to invoke a separate WR theory to describe

the shape of the electron cusps arising from solids as opposed to gases.

(c) Peak magnitude

One can of course integrate the signal over some limited range

of velocity either side of the peak maximum and so examine the yield

(electrons/ion) within the peak as a function of projectile velocity.

Oettmann's second Born approximation predicts that at high velocity

the cross section for CEC will decrease as E.jon~ • A caution is in

order here in that one must be careful to use fully stripped projectiles

to avoid any contribution from projectile ionisation, a process which

Briggs and Drepper (1978) have shown to have a cross-section substantially

independent of ion velocity. For a gas target where single collision

conditions may be obtained, the yield will be directly proportional

to the cross-section and Rodbro and Andersen (1978) have shown that

for protons of about 1.0 MeV incident on light gases the dependence
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of the yield does indeed approach E. " .

Perhaps of most interest to us here is the direct comparison of

gas and solid but there is, of course, the difficulty that single

collision conditions do not obtain for the latter. My own approach

has been to assume that the effective target thickness is controlled by the elec-

tron's ability to leave the solid without suffering a collision which

would throw it out of the peak. For an electron captured in a continuum

state inside the solid to be subsequently detected outside the solid

in a spectrometer set for the forward direction it must preserve both

its speed and direction in spite of the strong scattering to be ex-

pected. We therefore turned (DHL) to the data and calculations which

are known as the 'escape depths' of electrons from solids (Duke et al

1970, Powell 1974, Carlson 1974). These inelastic mean free paths

are obtained from Auger electron spectroscopy and x-ray photoelectron

spectroscopy of solids. Where data are available the latter technique

is particularly apposite since the x-rays generate electrons at all

depths in the solid just as we believe our projectiles do. However both

techniques give similar results. For 262 eV electrons in carbon, i.e.

those having the same speed as 481 keV protons, A =7.5 A (Jacobi and

Holzl 1971). Both theory and experiment show that in the energy range

100-1500 eV, A is approximately proportional to E ' (Carlson 1974,

Carter et al 1974) so that for an electron of 123 eV (225 keV proton)

we expect A =5.0 ft. Hence our choice of one atomic layer as a rough

estimate of the effective target density in the DHL paper. Let us now

apply these arguments to the relative ion energy dependence of the yield

as measured by Meckbach et al (1977). We recall that the yield (electron/

proton) is given by the product of the cross section and target density.
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They observe a yield proportional to E" from carbon foils in an
I/O

energy range where the effective target density is increasing as E

because of the energy dependence of A a . This therefore implies an

energy dependence for the cross section of E~^ ' in exact agree-

ment with the value E~ ' - reported by the same group (Chiu et al

1978) using the same apparatus but a helium gas target under single

collision conditions.

Strong (1977) has also measured the yield from carbon foils and

converts this to a cross-section by assuming A = 2 monolayers for

275 KeV protons (150 eV electrons at the peak) rising to 10 monolayers

for 3.0 MeV protons (1632 eV electrons). The results are compared with

the theory of Dettmann, Khan and Lucas (1976) in figure 2 . The theo-

retical contribution from each pair of electrons is shown separately.

Hartree-Fock wavefunctions for free carbon atoms were used.

II. Interference Effects

In the Fadeev approach to the theory of CEC first used by Macek

(1970) it is essential that the three amplitudes contributing to the

T-matrix be added together before squaring to get the cross section.

This is because CEC is seen as a special case of ionisation. The

doubly differential cross section so obtained can exhibit interference

terms as shown in figure 1 of Duncan et al (1977). These are most

pronounced where the phase of the exchange amplitude is varying rapidly

owing to the coulomb distortion of the final state wave function and

where the magnitude of the direct ionisation and charge exchange

amplitudes are similar.
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tro~. : D U N C A N , M E N E N D ' . Z , E I S E L E , A N D M A C E K ('/"?7rJ

2.5.O-"

240 260 280 300
Electron Energy (eV)

FIG. 1. A calculation of the DDCS at 1.6' showing the
interference structure predicted by the first approxima-
tion to Faddeev's equations.
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FIG. 2. DDCS of v,~v, electrons normalized to peak
values of 1. The solid curve is obtained by averaging
the theoretical results over the energy and angular res-
olutions of the experimental apparatus. The data are
shown as closed circle*.

Th-r , occurs at small ejection angles, i.e. close to, but not in, the

forward direction. Unfortunately the oscillations change very rapidly

with angle so that the presence of a reasonable collecting angle for

the electron spectrometer tends to average them out. Duncan et al (1977)

worked with approximately * 0-3° and at 1.6° to tie forward direction.

They used He++ on He gas but saw no clear structure. We have just

started a similar search using carbon foil targets and have a pre-

liminary result which though promising is very different from theory,

figure 3 . We feel that if we can see such interference effects from

solids it will provide powerful support for Macek's theory.
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Fig. 3 Change 1n the shape! of the CEC peak when the spectrometer
1s set to measure the ejection at a small angle away from the
forward d i rec t ion . This example Is for 0.5 HeV H on a carbon
fo i l with e«0.75 + 0.25° and an acceptance sam1 angle eo"0.13 +0.13°

The number of counts per channel at the top of the peak 1s 4900 so
the statistical error on the ordinatc 1s about three times the size
of the points us drawn.
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III. "The Back Bounce Experiment".

This is an interesting experiment based on some earlier results of

Burch et ai (1973) which I should like to bring to your attention. A

fuller discussion is given by Strong and Lucas (1977) and Strong (1977).

First imagine a monokinetic beam of free electrons, velocity v

incident on a target. If we look at the 180° ejection we expect a smooth

background of secondary electron superimposed upon which is a delta

function from those incident electrons reflected off the target. The

target atoms are heavy and nearly stationary so that the delta function

appears at -v . Now perform the same experiment but with the electrons

carried in on say a He ion beam. The electrons now enter the collision
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deduced from the type shown in Fig. 1. 0.8-MeV 'He*
incident helium gas and carbon foil. The arrow marks
the position of the binary-encounter peak predicted by
Ref. 3.

FIG. 3. Normalized background-subtracted spectra
.deduced from the type shown in Fig. 1. Equivelocity

4He* and : He" Incident on carbon foil. The arrow
marks the position of the binary-encounter peak pre-
dicted by Ref. 8 ('He' scale).
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with a velocity spread characteristic of the He(ls) orbital so that the

velocity profile of the reflected electrons is characteristic of that

orbital. This can be done for both gas and solid targets to establish

that the resulting profile is nearly target independent and characteristic

of the projectile, figure 2 of Strong and Lucas (1977).

Finally compare the shape of the profiles obtained from both He

and He incident on a solid as is done in figure 3 of Strong and Lucas

(1977). ( He + + was used merely to avoid beam contamination by Hg ). Now

the He also gives a profile but since it did not carry an electron

into the solid it must have picked it up inside the solid and lost it

in a subsequent collision. Now the two profiles are of the same shape

implying that the electron picked up by the He + + entered an orbital

characteristic of the He ion, that is, an atomic orbital. A wake type

orbital, for which the binding energy is thought to be much less, would

be expected to have a much narrower profile. The only difference be-

tween the He and He seems to be the shift in velocity scale which

we view as energy lost by the electron as it travels back through the

solid following ejection in the second collision.

I am indebted to many members of ORNL for their hospitality during

the past year and should like particularly to thank Charlie Moak, Rufus

Ritchie and Ivan Sellin and his group for their lively discussions of

these and related problems with me.
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Table 1 Ht Ions traversing thin solid foil

Screening In solid

Potential In solid

tJ^1 growth of Internuc-
lear separation due to
multiple Coulomb scatter-
ing.

Coulomb explosion

Ion neutralization

Energy loss

Molecular, recombination

Convoy electrons

v < vp

CONDUCTOR

static
Screened:
£ exp (-X^)
As^vpAipV^

Yes

No

Uncorrelated

Cluster effects
negligible

Yes

• —

INSULATOR

static
Attenuated:

r e

Yes

Attenuated

Cluster effects

Cluster effects (?

• (?)

—

V > Vp

CONDUCTOR

dynamic

Screened:

7 exp [-xdcv)r]
Ad *v> v / t ) P

Yes

Yes for r,£vA>p

Cluster effects for
r«£v/jp

Cluster effects for
rt^vAip

Yes

Cluster effects In
velocity and angular
distribution

INSULATOR

dynamic

Unscreened f o r :
r§«v^)p
Attenuated for:
ro»v/top

Yes

Yes for r .^v/ i i -
Attenuated for
i*i>vA>p

(T)

Cluster effects (?)

(?)

(?)
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Growing Internuclear Separation Following Dissociation
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