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ABSTRACT

Results are presented of doubly-differential (in energy and angle) cross section

(DDCS) measurements for production of convoy electrons from 36 MeV/u Ar^®""",

Ar^^"^, and Ar^®"*" ions in thin amorphous carbon foils. The observed electron emis

sions are fitted to a multipole expansion of the DDCS, frequently employed to

characterize ion-atom electron-loss to the continuum (ELC) and electron-capture

to the continuum (ECC) cusp shapes. Thinner target data agree reasonably well

with ion-atom predictions of component multipole moments, j^k- The results also re

veal a rapid evolution of /3k with increasing target thickness. A quantitative model

of the multipole evolution bridging the transition from the single- to the plural-

collision regime is presented which demonstrates significant competition between

one-step and multi-step production mechanisms. Excellent agreement is found for

the first two even-ordered moments, ̂2 and ̂ 4, while the lack of good agreement for

the dipole moment, /?i, suggests the need to include additional continuum electron

transport phenomena.
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Chapter 1

INTRODUCTION

The phenomenon of the scattering and stopping of high speed atomic

particles in passing through matter and the accompanying ionization and

radiation effects have, as is well known, been one of the most important

sources of information regarding the constitution of atoms. Ever since

the pioneering work of THOMSON and RUTHERFORD, the analysis of

the penetration phenomena has been in continual progress and has, in

particular, offered many important tests of the gradually refined methods

of atomic mechanics.[1] Niels Bohr, 1948.

As pointed out in the quotation by Bohr, the study of collisions between ionic

projectiles and solid matter has been actively pursued since the birth of quan

tum mechanics. Furthermore, this interest has dramatically increased in recent

years. [2] Nevertheless, despite such active interest in this field, there is still little

understanding of the dynamics of many fundamental elastic and inelastic collisional

phenomena. [3,4,5] This is mainly due to the fact that the description of ion-solid

interactions is a very complicated problem—much more complicated than, for exam

ple, the related problem of describing ion-gas (or ion-atom) interactions. However,

some recent theoretical progress [6] has been made in this area with, for example,

the use of high-speed computer calculations.[7]



Of particular recent interest is the existence and/or population of projectile

excited-states in fast ion-solid collisions. There is much debate over the existence of

excited-states in a solid, particularly when the mean radius of the electron's orbit is

larger than the interatomic spacing of the target.[8] Besides these obvious geomet

ric limitations, the electrostatic screening by the target's conduction electrons also

limit bound-state existence. Brandt and Richie[3,9] have attempted to describe this

effect by writing the effective potential of the projectile Zp in the solid aa

y(r) = (1.1)
r

where the screening length, d, is given by the projectile velocity Vp, divided by

the target's plasma frequency ujp. While the number of bound states for a Coulomb

potential is infinite, the screened Coulomb potential of Eq. 1.1 only supports a finite

number of bound-states. [10]

In addition to these limitations, the effects of "collisional broadening" of the

projectile's excited states create limitations on the number of discrete bound states.

Electrons in projectile excited states undergo frequent inelastic collisions with target

electrons which, from uncertaintly principle considerations, broadens the range of

final state energies to be populated. This collisional broadening in effect produces a

continuum of final states above a critical value of n, for which the broadening exceeds

the level spacing. These three constraints are shown quantitatively in Figure 1.1,

where the various limitations on the number of discrete principal quantum numbers

n for the case of hydrogenic Ar^^"*" ions penetrating amorphous carbon are plotted

as a function of velocity. [7]

Many experimental studies of projectile excitation in ion-solid collisions have

been performed in recent yeaxs. Betz et al.[ll] measured the Ka and x rays

emitted from hydrogenic and heliumlike sulfur ions exiting carbon targets of vary

ing thickness. These x rays were measured at centimeter distances behind the foil,

where only high-lying Rydberg states have lifetimes long enough to contribute sub

stantially to the spectra. Since these states were not expected to exist in the solid.
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it was assumed that they were produced in the last layer of the target. However, the

measured x ray intensity normalized to the incident beam current indicated that

the number of excited-states observed was much too high to be explained by the

"last-layer" production hypothesis. Furthermore, analysis of their target thickness-

dependent data[12] suggested the population of unusually high angular momentum

states. Betz e< al. argued that since such states could not possibly exist inside the

bulk their production must have occurred outside the target where the static and

dynamic screening disappears and electrons could be captured into high nl states.

Yamazaki and coworkers[13] discovered high angular momenta electrons emitted

in the Coster-Kronig transition ls^2p5/ —> \s'^2stV of C^"*" projectiles excited by

carbon targets. In harmony with Betz's results, these authors argued that the

high-/ Rydberg states, whose orbital radii exceed even the screened limit defined by

Eq. 1.1, must have been populated after emergence from the foil.

Chevallier et a/. [4] observed a velocity threshold for the existence of He'^(3p) state



in amorphous carbon, in accord with the predictions of Eq. 1.1. The agreement

between the threshold velocity and the theoretical predictions[10] for observation of

bound states for the screened Coulomb potential was reasonable.

In addition to these investigations, experiments concerning "convoy electrons"

have also been used as a probe of projectile excitation. When a projectile of veloc

ity Vp traverses a thin solid target, a cusp-shaped peah in the velocity spectrum of

ejected electrons occurs at an electron velocity Vg = Vp. These so-called convoy elec

trons populate low-lying continuum states of the projectile and therefore provide an

excellent probe of threshold and near-threshold collision phenomena. In binary ion-

atom collisions a similar peah is observed for electron-loss-to-the-continuum (ELC)

and electron-capture-to-the-continuum (ECC) processes where the "cusp" electron

comes from either the projectile or target respectively. A number of investigations

have been made to determine whether convoy electrons originate from these binary

ion-atom processes or, alternatively, from a solid-state process in the bulk or at the

surface of the target.[14,15]. For heavy-ion-solid collisions, measurements of both

the "shape" (i.e. electron emission distribution) and the yield of convoy electrons

have suggested that the ELC process within the bulk of the solid is responsible for

convoy production. Nevertheless, a number of marked differences exist between the

shapes of ELC cusp and convoy electron distributions, arguably due to the popu

lation of highly-excited projectile states inside the bulk of the solid. Thus, as an

extension to this argument, the shape of the convoy electron distribution provides

information about the level of projectile excitation within the solid.

To explore the evolution of convoy electron angular distributions from their bi

nary atomic collision origins, an investigation of the transition from single to plural

collision conditions for convoy electron formation has been performed. This work

concerns this investigation and the interpretation of the results in terms of binary

atomic collision cross sections. The emphasis of this measurement is placed on the

shape of the convoy electron distributions, although the yields will be discussed in



terms of the modeling of the results. First, a discussion of earlier work concerning

both ELC and convoy electron measurements is given. Secondly, the experimental

apparatus used to accumulate the data will be described. Thirdly, the method by

which the data are reduced and analyzed will be detailed. Finally, the results will

be modeled in terms of atomic collision parameters.

1.1 Historical Background

1.1.1 Role of ELC in Convoy Electron Production

Although many different theories for ECC[16,17,18,19] and ELC[20,21] were pub

lished in the early to mid 1970's, they all predicted an isotropic electron emission

distribution in the projectile rest-frame. However, measurements [22,23] of the en

ergy distributions of ECC electrons revealed an asymmetric shape, skewed towards

lower lab-frame energies. This asymmetry did not appear in either ELC or convoy

electron energy distributions[24]. A sample of ELC and ECC longitudinal velocity

distributions is shown in figure 1.2.

In addition to the shape similarities of ELC and convoy energy distributions,

yield measurements provided further support for the role of ELC in convoy electron

production. Hiilskotteref a/. [25] examined the exit charge-state dependences of con

voy electron yields for fast (0.5, 1 MeV/u) Cl, Si and 0 projectiles on carbon foils of

equilibrium thickness. Equilibrium thickness was defined as the thickness necessary

to erase the memory of the initial charge state qi of the incident projectile. [25] It

was found that for these fast heavy-ion-solid collisions, the exit-charge state de

pendence of the convoy electron yields, coincident with exit-charge q^, surprisingly

showed no general trend when normalized to the number of exiting ions of charge

Qg. This normalization would be appropriate if ECC was the dominant formation

mechanism. However, when the data were renormalized to the number of exiting

ions of charge qe — I, the appropriate normalization if ELC was the most impor-
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Figure 1.2: Comparison of ELC and EGG distributions. The points represent an

EGG measurement; the solid line represents an ELG measurement.

tant process, the data followed a q~^ dependence, in agreement with the predicted

charge-state dependence of electron loss[26].

A subsequent experiment by YamaaaJci et al.[27], investigating the sub-equilibri

um thickness-dependence of convoy yields for 2 MeV/u G ions incident on carbon

foils, demonstrated that ELG dominated the observed experimental data, even when

bare carbon ions were incident. This latter process was explained qualitatively by a

two-step process involving the capture of a target electron into a projectile bound-

state followed by an ELG event of that electron in the last few layers of the target.

In both this experiment and Hiilskotter's, all observed convoy energy distributions

appeared symmetric about the cusp velocity as in the case for ELG.
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1.1.2 Multipole Characterization of the Cross Section

In order to quantitatively parameterize the observed ECC asymmetry, a multipole

expansion of the laboratory-frame differential cross section was introduced [28],

^ = (1-2)dVe Ue

where and ■de represent the projectile-frame electron velocity and polar emission

angle respectively. The singularity produces the observed cusp-shaped peaJc;

the -parameters (other than produce any anisotropies seen in the data.
Historically, this form of the cross section was an extension of previous results

describing both ECC and ELC. For ECC processes, Lucas et a/.[29] had found
improvement in the description of their ECC data by adding a p-wave contribution

resulting in a differential cross section of the form + Dcos'de)- For ELC

processes, Briggs and Day[30] had predicted (within the first-Born approximation)

a differential cross section of the form

^ = —(1 + ^2F2(cos i9e)), (1-3)
uVg Vc

for ELC from Is states of hydrogenic-projectiles.

It is important to point out that the "forward-backward" asymmetry observed

for ECC cusps in singly-differential energy measurements results from anisotropic

emission about the transverse velocity axis (i.e. ■dg = 7r/2) in the projectile-frame.

Since even-order Legendre polynomials of argument cosi9e are symmetric about

■dg = 7r/2, their presence in the differential cross section would produce no observable
asymmetries in these type of measurements. ECC cusps therefore require non-zero

contributions of odd-order Legendre polynomials.

In extending the earlier calculations of ELC processes by Briggs and Day, Burg-

d6rfer[31] has utilized a group-theoretical approach to calculate the emission distri
butions for electrons emitted from arbitrary states nlm. In his first-Born calculation,

the assumption is that the projectile velocity is much greater than the initial orbital



velocity of the projectile bound-state electron Uorb? or

^orb
< 1

Vp
. (1.4)

Within this assumption, Burgdorfer finds that for ELC from an initial projectile

bound-state of principal qucmtum number n, no odd- and only even-order multipoles

^o,ki with k < 2n, will be present in the data. Thus, a measurement sensitive to

the presence of even-order moments /3o,it may indicate the population of projectile

bound-states n = k/2 within the solid.

This prediction agreed well with the data of Elston et al.[32] and Berry[33] who

measured doubly-differential (in energy and angle) electron emission distributions

for the collision systems O®"*" -|- He and 0®"^ -|- Ar at collision energies of 41, 82

and 105 MeV. For this particular collision system, cusp electrons were produced

primarily by ELC of the more loosely bound n = 2 electron and, as predicted by

Burgdorfer, emission distributions were adequately described by inclusion of only

even-order multipole moments /3o,05/^0,2 and ̂0,4-

Berry et ol.[8] extended the doubly-differential measurements described above to

include collisions with thin self-supporting amorphous carbon targets. The resulting

convoy electron emission distributions, like the previous ELC cusp distributions,

contained no significant odd-multipole content. However, these distributions were

noticeably more transverse than the corresponding ELC distributions. This can

be seen in Figure 1.3, where 20% contours of ELC (with Ar targets) and convoy

electron emission distributions have been plotted for all three collision velocities.

Furthermore, it was found that the convoy electron data contained high even-order

multipoles, up to /So.io- Berry et al. concluded that these high order moments

indicated the presence of highly excited projectile bound states within the bulk of

the solid.

In an effort to investigate this conclusion, we extended Berry's measurements to

include foil targets of varying thicknesses. These measurements were made using

115 MeV ions (vp = 17 a.u.) produced by the Holifield Heavy Ion Research

8
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Facility (HHIRF). By measuring the thickness-evolution of multipole content (par

ticularly high even-order /5o,fc), we sought to probe the evolution of the state of

excitation of the projectile as a function of dwell time in the solid. However, utiliz

ing targets ranging upwards from the thinnest available carbon foils (~ lug/cm?, or

~ 50A)—far thinner than the thickness required for charge state equilibration for

the incident oxygen beam—we found no significant evolution of multipole content.

Furthermore, a.s in Berry's results, these data contained high-order multipoles to

order A: ~ 10. These results were interpreted as being due to an extremely rapid

population of excited states, within the first few layers of the target.

Thus, in order to test this hypothesis, and to view the evolution of convoy elec

tron distributions from their ion-atom counterparts, it was necessary to make further

measurements using faster incident projectile ions. In order to satisfy this require

ment, application was made for experimental beam time at the GANIL cyclotron

facility in Caen, France, where projectile energies meeting this criterion were easily

obtainable. These measurements which form the basis of this work took place in

May 1990.

10



Chapter 2

EXPERIMENT

In order to study the rapid evolution of convoy electron distributions, it was nec

essary to acquire beam-time on an accelerator capable of providing extremely fast,

highly-charged ionic projectiles. Furthermore, it was also necessary for this beam of

particles to be well collimated in both radial size and angular divergence. These re

quirements were met by the GANIL (Grand Accelerateur National d'lons Lourds)

cyclotron facility in Caen, France, which awarded seven eight-hour shifts of 36

MeV/u Ar^®"*" beams for this project. This particular collision system was chosen

for several reasons. First, the corresponding convoy electron energy (~ 20 keV) is

both much higher than the energy of the previous HHIRF measurement (by a fac

tor 5) and still within the analyzing (or voltage) limits of the electrostatic spherical

sector spectrometer available for use. Furthermore, this increase in convoy elec

tron energy was deemed sufficient to increase the free electron mean-free-path to

distances greater than the thickness of our thinnest targets. This requirement was

made to reduce the scattering of the convoy electrons produced within the bulk—

scattering which could, perhaps, influence the observed emission distributions. The

velocity of this ion beam (vp = 37 a.u.) also parallels previous ion-solid measure

ments of electron capture by bare 36 MeV/u Kr.[34] Finally, the ratio of the mean

projectile bound-state velocity (uorb Zp/n) to the corresponding ion velocity is

of the order of l/2n. This ratio, critical in the application of first-Born approxi-

11



mations to electron loss (see Eq. 1.4), is approximately the same as that for the

HHIRF data.

2.1 Accelerator and Beamline

The GANIL facility, constructed primarily to provide high-quality heavy ion beams

with good energy resolution (AE/E ~ 10"^), consists of an electron cyclotron reso

nance (ECR) ion-source followed by a sequence of three cyclotron-accelerators[35].

A general lay-out of the facility is shown in Figure 2.1. An initial beam of Ar®"^

was accelerated to 5.3 MeV/u in the first of two sepaxated-sector cyclotrons (SSCl

and SSC2), striped to Ar^®"*" , and accelerated to 36 MeV/u in SSC2. The high

energy beam was then energy analyzed and delivered into the experimental area

where one of many beam lines (G.auche or Droit) of the main experimental line may

be selected.

Since an ion beam from a cyclotron is pulsed rather than continuous, it was

necessary to make sure that there would be no significant electronics dead-time

errors due to one or more events occurring within the same beam pulse. For this

experiment, the ~ 10 MHz SSC resonator frequency provided a maximum of about

5 X 10^ ions in a 10 nsec wide pulse, delivered every ~ 100 nanoseconds. Since the

convoy electron event rate was always at or below the maximum detection rate for

our apparatus, ~ 10 kHz, the cyclotron beam produced at most an average of 1

convoy electron event per 1000 pulses. Thus, the probability of having two events

within a single pulse was negligible.

The experiment was located in target rooms D3 and D4 on the LISE facility

(Ligne d'lons Super Epluches: beam line of highly stripped ions), which allowed

further stripping of the Ar^®"^ beam to higher charge states Ar^^"*" and Ar^®"'" prior

to the experiment. A schematic of these rooms is shown in Figure 2.2. The incoming

beam is initially focused with magnetic quadrupoles ql—qA onto a stripper foil (or

12
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an aperture when Ar^®"*" is desired) in room D3. The remaining steering elements

axe designed to achromatically focus[36] the stripped beam at the focal point shown

in room D4. The scattering chamber was mounted on the beam line in D4 such that

the carbon foil targets were positioned at this focal point, where the ion beam was

focused electromagnetically to a 1.0 mm diameter with 0.36° angular divergence.

The design of this facility was sufficient to require no physical collimation within

the experimental area. This facet of LISE was very desirable for this measurement:

collimating apertures or 4-jaw slits produce a spurious backgound of electrons which

may be detected by the experimental apparatus.[33]

After traversing the experimental chamber in D4, the beam was collected on a

Faraday cup located ~ 6 meters downstream from the focal point. Unfortunately,

the Faraday cup was not able to accurately measure currents <1 nA, primarily due

to leakage currents within the cup as well as within the electrical connections to

the current integrator located outside the target area. This presented a problem for

Ar^®+ incident on the thicker targets, where the convoy electron yields per incident

ion were the largest (~ 10"^). For these cases, beam currents ~ 1 nA would produce

an event rate greater than the maximum detection rate of the PSD and electronics

10 kHz).

The vacuum throughout the beamline was kept below 10"® Torr and was main

tained by a system of (primarily) turbomolecular pumps. This pressure was suffi

ciently low enough to guarantee insignificant charge changing due to collisions with

background gas.

Before beginning the convoy electron measurement, the exiting charge state frac

tions of Ar^®""" incident on the stripping foils in D3 were measured using beam di

agnostic equipment native to the LISE facility. In the target chamber in room D3

(BD T) a 10-position target wheel containing 4 carbon foils of thicknesses ~ 100,

150, 200 and 500 ng/cm? was placed for stripping the Ar^®"*" beam. In addition to

these thicker targets, five more positions on the wheel were filled by carbon foils

15



Table 2.1: Table of measured exiting charge state fractions for Ar^®"^ incident on

carbon foils of varying thicknesses. The results are expressed as a percentage of the

total number of exiting ions.

Thickness Ari6+ Ari^+ Ari8+

ing/cm^) (%) (%) (%) (%)

1.0 93.9 5.90 0.13 < .01

3.1 89.2 10.4 0.33 < .01

4.9 86.9 12.6 0.47 0.02

10.1 84.8 13.0 2.10 0.07

112 11.3 52.9 30.1 5.80

150 2.50 39.7 44.3 13.6

210 0.90 24.4 56.8 17.9

472 < .01 2.70 25.9 71.4

of thicknesses near those used in the convoy electron measurement in D4 (1—15

fig/cm^). For each thickness, only charge states 15, 16, 17, and 18 were detected

with any significance. For the thicker foils, the relative intensities of the exiting

ions of different charge states were determined through direct (time) integration of

the charge-selected beam current collected in a Faraday cup placed after the first

dipole magnet (BD I). For the thinner foils where the percentage of the higher

charge states (16, 17 and 18) was much lower, the intensities were determined with

an Ar-C02-filled proportional wire chamber. After each charge state was selected

and measured, the initial charge state was measured again to check for large, long-

term changes in the beam current. The results of these measurements are listed in

Table 2.1.

16



2.2 Target Chamber

Shown in Figure 2.3 is a rough block diagram of the 24-inch diameter stainless-steel

scattering chamber placed in D4. The incoming ion beam passes through a parallel

plate analyzer (PPA) used to deflect electrons from an electron gun (EG) onto the

target wheel (TW) for foil thickness calibration (see below). The ion beam collides

with a mounted target, passes through a hole in a spherical sector electrostatic

analyzer (SSA), and exits the chamber. A layer of 0.01 inch thick //-metal shielding

was wrapped around a octagonally-shaped support structure within the chamber;

the shielding was penetrated by several small holes made for electrical feedthroughs,

beam transmission and vacuum pumping. Measurements of magnetic field intesity

inside the chamber with and without the shielding indicated an average reduction

of a factor 10 in field strength. A 1000 l/s cryopump and a 450 l/s turbopump

mounted on the bottom of the chamber kept base pressures within the chamber

below 10~® Torr.

2.2.1 Spherical Sector Analyzer and Position Sensitive De

tector

Electrons emitted from the target within a small forward angle of ~ 6° were ana

lyzed by an 160° electrostatic spherical sector analyzer pictured in Figure 2.4. This

analyzer has been previously been described in detail[33,37,38], so only a brief de

scription is given here. The analyzer consisted of two concentric copper spherical

sectors with mean radius 55 mm and deflection angle of 160°. Compared with

the original 180° design of Purcell[39], which provides stigmatic focussing to sec

ond order in the deflection plane and to infinite order in the plane perpendicular

to the deflection plane, the 160° analyzer retains the focussing qualities to a good
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Figure 2.3: Block diagram of scattering chamber, scale 1:5. Arrow indicates ion

beam direction. The position sensitive detector, placed at the exit of the spherical

sector analyzer, is not shown. EG, PPA: Electron gun and parallel plate analyzer

assembly; TW: Target wheel; SSA: Spherical sector analyzer; /uS: Magnetic shield

ing.
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Figure 2.4: Electrostatic spherical sector analyzer.
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degree[40] while removing the focal points from the field region. The energy-selected

electrons arriving at the exit aperture reproduce their angular emission with respect

to the central ray; that is, the trajectory of an energy-selected electron emitted at

0° in the lab-frame. The deflection voltages were applied to the outer (K) and inner

(Vi) sectors by two programmable Glassman MJ-series power supplies (maximum

voltage: -|-5kV, -6kV) in the fixed ratio K/K=-0.8041 so that the central trajec

tory was at ground potential. These two power supplies were programmed using a

computer-controlled 16-bit DAC.

Electrostatic deflection spectrometers are characterized by an analyzer constant

K which equals the ratio of the voltage difference V = Vi — Vo to the corresponding

non-relativistic electron pass energy Eg. The analyzer constant of the device used

in this experiment was ̂ "=0.449 volts/eV. Relativistically, the voltage required to

deflect an electron with relativistic kinetic energy To is given (in a.u.) by[42]

^ = f + (2.1)
The energy selected electrons exiting the spectrometer traverse a 15 cm shielded

drift region before being detected by a position sensitive detector (PSD) shown

in Figure 2.5. The PSD consists of a tandem (chevronned) pair of microchan-

nel plate electron multipliers followed by a circulax-arc-terminated resistive anode.

Four independent charge-sensitive pre-amplifiers connected to the corner of the re

sistive anode detect the relative proximity of the resulting event. A Surface Science

Laboratories [43] Ratiometric Position Decoder then determines the relative hori

zontal (r) and vertical (y) positions on the anode which are output as two eight-bit

digital quantities. For each electron incident on the front of the microchannel plate

array, an avalanche of ~ 10® electrons exits the back with negligible change in rel

ative position (from the central ray) and are accelerated to the resistive anode by

an applied potential difference.

The PSD is mounted so that electrons following central-ray trajectories would

be detected at the center of the anode. Thus, an electron having a lab-frame polar
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Figure 2.5: Schematic of the position sensitive detector. An incident electron cre

ates an electron cascade within the multichannel plate (MOP) pedr, which in turn

produces a charge cloud collected on the resistive anode. The position of the event

on the anode is found using the indicated ratios of the anode's four corner pickups.
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emission angle 6^ is translated a distance d — (15 cm) tan from the center of the

detector upon arrival at the detector surface. A 0.75 inch aperture placed in front

of the PSD, at a distance of 5.3 inches from the spectrometer exit aperture, limited

detection to electrons emitted with polar angles < 4°.

2.2.2 Targets and Calibration

Carbon foil targets were purchased from the Arizona Carbon Foil Company over

a range of ~ 0.5—25 ̂ g/cinn?' and with density p = 2g/cm^. Foils with claimed

thicknesses >1.0 pg/crn^ were floated onto target holders with 4 mm diameter

holes, while the thinnest 0.5 pg/crn^ foils could only be floated onto target holders

with 2 mm diameter holes. After the foils were dried and tested (see below), 13

different thicknesses were mounted on a 15-position target wheel (TW) and placed

in the scattering chamber. The remaining two positions on the wheel contained an

empty foil holder with a 4 mm diameter hole, used to check for background events

not associated with the targets, and a red "phosphor" with a 2 mm hole, used for

aligning the ion beam to the target wheel. The red phosphor was a chromium-doped

alumina (Cr-A^Oa) wafer approximately 1 mm thick.

In order to calibrate foil thicknesses as well as simply to check the foils' survival

after evacuation of the target chamber, a test source of electrons, consisting of

an electron gun (EG) and a 30° parallel plate analyzer (PPA), was constructed.

The analyzer was designed both to deflect the emitted electrons onto the target

wheel at the corresponding focus of the SSA, as well as to allow passage of the

ion beam during the experiment. The collimation of the electron gun was defined

by a 1.0 mm aperture immediately following the source (a ribbon-type tungsten

fllament) and a 0.1 mm aperture 120 mm downstream, giving a maximum angular

divergence of ~ 4 mrad. Monoenergetic electrons emitted with different angles at

the 0.1 mm aperture were refocussed (to second order) at the target. The PPA

was further designed to allow an incident ion beam to pass unscathed and provide a
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electrostatic "skimmer" of any background electrons travelling along with the beam.

It was found that there was very little background associated with the ion beam so

that this latter feature was unnecessary.

Before beginning the experiment, foil thicknesses were calibrated by measuring

the energy loss distributions of Vp=ll a.u. electrons (1646 eV) incident on the

range of foils on the target wheel. This energy was chosen to compare the results

with those of Lencinas et a/. [44] who measured the energy loss of 1646 eV electrons

transmitted within a forward cone of half-angle 0.5° . After the filament of the

electron gun had equilibrated (~ 1 hour), the energy distributions of electrons

traversing a foil were found by scanning the voltage on the SSA versus time and

detecting the energy-selected electrons transmitted within the 4° half-angle of the

PSD. A typical dateiset involved ~ 50 scans over the chosen energy range, spending

one second at each voltage of each scan. A sample of the data is shown in Figure 2.6.

The method by which these datasets were analyzed is taken from Ashley. [45]

The experimental energy distribution of transmitted electrons with energy losses

u for a target of thickness x is compared with a calculated multiple scattering

distribution, f[x,uj). The multiple-scattering distribution is found from the corre

sponding thickness-independent single-scattering distribution, or differential inverse

mean free path (DIMFP), for inelastic scattering of electrons of energy E[45,46],

=  = ̂  f (2.2)
duj ttE y q |e(g,t(;)J

where u and q represent the energy loss and momentum transfer respectively.

Im{—l/e(g,a;)} is the imaginary part of the negative reciprocal of the dielectric

response function e of the solid, which can be approximated by a sum of Drude-

type functions [45]:

" § KoJc- + 9V2)^'-
The coefficients and wq,- were fitted by Ashley to match the optical energy-loss
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Figure 2.6: Free electron energy distributions after penetration through amorphous

carbon foils. Electrons of energy 60.5 a.u. were incident on manufacturer's-claimed

thicknesses (a) 0.5, (b) 1.5, (c) 2.6 fig/crn?. The dots represent experimental data;

the solid line represents a fit described in the text.

24



function, Im{ —l/e(0,a;)}, with experimental data available for optical energy loss

data on glassy carbon. [47] The resulting inelastic mean-free-path calculated from

integration of Eq. 2.2 is 76 a.u. for 1646 eV electrons.

The DIMFP of Eq. 2.2 is proportional to the energy-loss distribution of an elec

tron having a single collision. The calculated energy-loss distribution f{x,u) af

ter multiple collisions was obtained using a convolution technique developed by

Williams.[48] This technique assumes that the range of energy loss u is small com

pared to the initial energy E. In this case, the energy-loss distribution at thickness

2x is the convolution of the distribution at thickness x with itself: [45]

f(2x,u})= [ f{x,u}-oj')f{x,u')du'. (2.4)
JO

Thus, if an initial distribution at thickness xq is known, the distribution at 2^xo

can be found by doing N repetitions of Eq. 2.4.

If xo A, then the initial distribution can be approximated as a sum of the

zero- and single-scattering distributions:[45]

f(xo,uj) = (1 - ̂)<5(a;) -1- xor(E,a;). (2.5)
As evident in Eq. 2.2, the integral of r(E,a;) over all energy losses u: is A~^. Thus

the integral (over uj) of the distribution f(xo,u)) is unity, as are all the integrals

of all thicker-target distributions calculated from Eq. 2.4. The final distribution

was found after 10 thickness-doublings as detailed in Eq. 2.4. In order to compare

with the observed spectra, the final distribution /(x, ld) was multiplied by an overall

amplitude to scale the normalized distribution to the intensity of the experiment.

This amplitude represents the number of electrons transmitted within a forward

cone of 4° during the total time spent in any channel. Recalling that the integral of

t(E, w) over energy loss is A"^, Eq. 2.5 suggests a dimensionless measure of thickness

x/A. Two parameters, the target thickness (in units of A) and the amplitude, were

fitted to the experimental data using a non-linear least squares fitting routine[49].

A sample of resulting fits are shown as the solid lines in Figure 2.6.
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As is evident in the figure, the agreement between the energy loss distributions of

the data and fit is quite good. However, it was found that while the fits reproduced

the shape of the electron energy loss distribution, the fitted thicknesses were ap

proximately 1.5-2 times greater than the manufacturer's claimed values—far above

the absolute error in thickness claimed by Arizona Carbon Foil Company (± 1.0

^g/cm?). Given that the multiple scattering distribution f(x,ui) utilized here does

an excellent job reproducing the shape of the observed distributions, it is doubtful

that this is the source of the problem. Two other possible sources of error may

be responsible for this discrepancy: The targets could be 1.5-2 times thicker than

Arizona claims, or the calculated mean-free-path may be 1.5-2 times too large.

In order to test the first hypothesis, optical transmission measurements were

made on the carbon foils. The attenuation of a 40 mW He-Ne laser (A= 6328 A) was

measured after transmission through carbon foils of varying thicknesses evaporated

onto glass slides. The foils used in the convoy electron measurement were taken

from slides among those measured. The measured transmittance was compared

with a transmittance formula based on Fresnel's equations for an absorbing film

(carbon) on a nonabsorbing substrate (glass).[50] The complex index of refraction

for evaporated carbon was found from previous measurements on foils from Arizona

Carbon Foil Company. [51]. The results indicated that the carbon foil thicknesses

agree, within the error of the measurement (~ 20%[52]), with the manufacturer's

claimed results. Furthermore, while some thickening during the convoy electron

measurement is possible[53], this process is expected to add only a constant amount

of thickness to each foil.

Alternatively, the use of the calculated mean-free-path above (A = 76 a.u.) for

glassy carbon may be in error. Substantial improvement in the thickness agreement

was obtained renormalizing the DIMFP to the inelastic mean free paths calculated

either from empirical data (A=42 a.u.)[54] or a free-electron gas model of the di

electric function e(A=43 a.u.).[55] A plot of the claimed thicknesses (with absolute

26



10

a
u

bO

•S 6
<i3

Ashley (A=76

CO
u
OJ

-u

O

<+H

d
(S

4 -

2 - Seah (A=42 a.u.)

I
2  4 6 8 10

Fitted Thickness (A)
12

Figure 2.7: Plot of manufacturer-claimed thicknesses versus fitted results. Displayed

error bars indicate absolute errors as claimed by the manufacturer. The statistical

errors of the fit (in the horizontal direction) were typically smaller than the size of

the dots.

errors) versus the determined thicknesses (in units of A) is shown in Figure 2.7.

A qualitative explanation of these results may lie in the fact that the optical prop

erties of evaporated carbon depend markedly on the conditions of preparation[56].

Thus, the fitted Drude function constants of Eq. 2.3 determined by Ashley[45] may

not accurately apply to the evaporated carbon produced by Arizona Carbon Foil

Company. This could explain the relatively good agreement of Ashley's A with the

results of Lencinas et a/. [44] (who obtained carbon targets from a source other than

Arizona[57]), but relatively poor agreement with other measurements taken at lower

energies.[58,59] For this measurement, the thinner foils for which energy loss data

was taken have been calibrated using A= 42 a.u.. The determined thicknesses (for

targets < 5 fj.g/cm?) are given in Table 2.2. For the thicker foils, the manufacturer's

claimed thicknesses were used.
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Table 2.2: Table of determined thicknesses of carbon foils used in the convoy electron

measurement.

Manufacturer Fit Results

ifxg/cm^)

0.5 1.0

0.5 1.2

1.0 1.4

1.5 1.8

2.6 2.2

3.5 3.5

4.1 3.8

4.9 5.3

28



2.3 Data Collection and Storage

Shown in Figure 2.8 is a block diagram of the electronics set-up for data acquisition

and storage. The system was controlled by a Compaq 386s computer, running

a histogramming software program [60] designed to acquire, display and store the

data. During data acquisition, the program was interrupted by event signeils on

either of two MetraByte model PI012 interface cards. In this experiment, an event

was defined as either the detection of an electron on the PSD, or the completion of

a preset dose of ion beam current (detected by the Faraday cup).

In case of a PSD event, the 16-bit combined x and y digital position information

from the position decoder and the 12-bit digital "energy" (E) information (i.e.

DAG input used for programming the spherical spectrometer's voltage) were used

as the indices of a three-dimensional histogram. In the program, the indices were

combined so as to define an address in memory where the number of events were

stored corresponding to a given combination of x, y, and E. In order to store all the

information in the available memory, the precision of these quantities was reduced

to 6 bits (64 channels) for x, 3 bits (8 channels) for y and 7 bits (128 channels)

of energy. For this experiment, the x-direction corresponded to the direction of

the plane perpendicular to the spherical sector analyzer's deflection plane. More

precision was saved for this direction since the analyzer's focussing properties were

better in this plane. Allowing two bytes for each channel in the array (x, y, E) for a

maximum of 2^® — 1 or 65535 counts in each channel required a total of 128 Kbytes

of memory.

In the case of a "dose-completion" event, the digital DAC input was changed to

correspond to the next desired deflection voltage, and a small delay was added to

compensate for the finite slew-rate of the sector power supplies. The dose electronics

were set so that about one second was spent at any particular energy channel
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Figure 2.8: Block diagram of the electronics set-up. (A) Anode signals from the

PSD are amplified and sent to the position decoder for conversion into digital posi

tion information. Either a strobe signal sent by the position decoder or an external

busy input sets a system busy output on an electron event interface module. This

is used to gate off the current integration during computer dead time. (B) The

current signal from Faraday cup is sent to a current digitizer which sends a pulse to

a counter after collecting 100 picoCoulombs of charge. When the counter reaches

a predetermined setting, a dose completion signal is sent to the dose event inter

face module. If either a dose completion or a electron event signal is received by

the interface modules, an interrupt signal is sent to the corresponding parallel port

interface card placed in the Compaq 386s computer. Upon receiving a dose event,

the computer increments the input to a digital-to-analog converter (DAG). Upon

receiving an electron event, the computer increments a register located at an mem

ory address defined by the digital position and energy information of the event.

(C) The DAC controls the programmable power supplies which provide the desired

voltage to the spectrometer sectors.
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making the time required for a full 128-channel scan approximately two minutes.

A typical dataset was comprised of about 30 scans and took around one hour to

complete.
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Chapter 3

DATA REDUCTION AND

ANALYSIS

3.1 Extraction of Spectra

3.1.1 Method of Reduction

In order to zinalyze the data, it was necessary to convert the set into a more suitable

form for extraction of multipoles. As was discussed in the previous chapter, the

data acquisition system allowed determination of the lab-frame electron emission

angles 6^ (< 4°) and <^e, as well as the lab-frame energy Eg. Unfortunately, the

memory restrictions of the data acquisition computer do not allow for a complete

three-dimensional histogram of these parameters. However the (f>e variable is not

important here, since the collision has azimuthal symmetry about the projectile

velocity Vp. This data were therefore reduced to two dimensions by saving only

the polar angle information (i.e. 9e) for those events occurring within a particular

"azimuthal slice" of the PSD.

First, it was necessary to determine the PSD "center", or the (x, y) position (see

Figure 2.5) on the PSD where 6^ = 0°. This was accomplished by measuring a full

high-resolution image at a spectrometer pass energy corresponding to the matching
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Figure 3.1: Image of convoy electron angular distribution on PSD at velocity Vg = Vp

velocity Ve=Vp. At this velocity the v~^ singularity of the differential cross section

reduces (non-relativistically) to (1 — cos^e)"^^^- While the finite angular resolution

element of the spectrometer and PSD removes this polar angle singtdarity, the

angular emission at this energy is still sharply peahed, as demonstrated by a typical

PSD image displayed isometrically in Figure 3.1.

The orientation of the slice (or the azimuthal angles (j>e and ^ at which it is

positioned) is determined from the orientation of the spectrometer. Since the 160°

spectrometer focuses better in the plane perpendicular to the plane of dispersion,

this direction was chosen for the slice. Strictly speaking, the slice is not zizimuthal,

since its boundaries lie along constant y (as defined by the PSD electronics) and not

constant (f>g. As a result, larger polar angles have a smaller azimuthal contribution

in the generated two-dimensional spectra. This effect is accounted for in the data

fitting routine (see Section 3.2).

For the small polar angles considered here, dg ~ tan^e? so that $g is proportional

to the radial distance from the center (0°) of the PSD. Thus, the PSD's x direction

along the slice is directly proportional to the angle Bg. Since 0° is usually near the



physical center of the PSD, 6e{x) ranges from around 4° to 0° (at (f)e) and back to

4° (at <j)e + tt). The PSD electronics subdivide both the x and y directions into

64 equally spaced channels, giving a total of 4096 pixels. The angular data were

reduced to a single dimension by summing (for each of the 64 x channels) the 8 y

channels located within the slice along constant y. This information is recorded for

each of 64 equally spaced spectrometer pass energies giving a final two-dimensional

matrix (64 x 64 channels) representing the distribution in energy and polar emission

angle of the convoy electrons.

A sample of the results for the incident Argon ion beams are displayed in the

following three figures. Plotted are contours of equal emission intensity represent

ing multiples of 12.5% of the peak height. While the data are displayed in energy

and angle space, the relative scaling between vertical and horizontal axes is cho

sen so that the corresponding parallel and perpendicular projectile-frame velocity

intervals, Auy and Aux, are equal. Using the Einstein velocity addition rules (see

Eq. A.6) the relations

Aux = A(uesini9e) ~ TVpA^e
AEe

Au|| = A(UeCOSl9e) ~ AVe ~ (3-1)

can be derived which determine the axis scaling factors.

3.1.2 Emission Distributions

In this section, emission distributions observed during the course of the experiment

are presented to provide an overview of some of the issues that must be addressed

by the analysis. In Figure 3.2, contours of distributions from incident Ar^®"*" are

displayed. The distributions are plotted in order of increasing taxget thickness to

best view the shape evolution with projectile dwell time in the solid. Also plotted

axe data taken from incident 82 MeV 0®"*" {vp =14 a.u.) -|- Ar. These data, taken

under single collision conditions (SCC), are displayed next to the thinnest target
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Figure 3.2: Contours of electron emission distributions for Vp=37 a.u. Ar^®"*" in C,

and 0®"*" in Ar (vp=14 a.u.) and C (vp=17 a.u.). Projectile-frame velocity scales

are displayed, (a) 0®"*" + Ar. (b)-(j) Ar^®"*" -1- C, par = (b) 0.5 ̂ ig/cm?. (c) 1.5

yLglcvn?. (d) 2.6 fig/cm?. (e) 3.5 ̂ g/cm?. (f) 4.1 ng/crn?. (g) 4.9 fig/cm}. (h) 8.0

^g/cm^. (i) 10.1 ixg/cm^. (j) 21.4 fig/cm^. (k) 0®"^ + C, px = 0.5 pg/cm?.
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data for comparison. As is evident from the figure, these data appear to have very

similar angular emission distributions.

It is important to note that while the velocity, projectile and target charge are

all different in the above-mentioned ion-atom collision system, both collision sys

tems still have important similarities. First, both projectiles are Li-like (ls^2s) and

detected near-threshold electrons are produced primarily from ELC of the valence

electron. Secondly, the ratio of the orbital velocity of the electron's initial state

Uorb to the projectile velocity Vp in both cases is about 1/4. As pointed out in

Eq. 1.4, the small ratio is necessary for the application of the first-Born approxima

tion of Burgd6rfer[31] which predicts a projectile-frame differential cross section of

the form,

+ ̂j,2-P2(cos?9e) H- 4^4(008 i9e)), (3.2)dli/QClSiQ j_Q

for ELC of the n=2 electron. Furthermore, theoretical calculations of the magnitude

of the asymmetry coefficients /3o,fc by Burgdorfer have found no significant depen

dence on either the projectile or taxget charge Zp, Zt.[62] The qualitative agreement

between the ion-atom and thin ion-solid data pictured in Figure 3.2 supports these

arguments.

In contrast to the thin target data, the data for thicker targets indicate an even

stronger preference for transverse emission. This increased transversality is in agree

ment with the results of previous convoy electron data[8,63,66] taken under plural

collision conditions. These past results have also been characterized by high-order

multipole content, signifying the contribution of ELC from high n-states (n ~ 5).

For comparison, data from the collision system 0®"*" {vp = 17 a.u.) -|- 0.5 fig/cm^ C

are also displayed. (It is important to recall that this lower velocity system demon

strated no significant target thickness-dependence of the angular distributions—the

choice of the relatively thin 0.5 )ug/cm^ C-foil is somewhat arbitrary.) It is clear

that the angular shape of the lower velocity convoy electron data agrees qualita

tively with the thicker target Ar^®"*" data. Thus the distributions displayed here
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indicate an evolution of convoy electron angular emission to a strongly transverse

"equilibrium".

In Figure 3.3, contours of distributions from incident Ar^^''' are displayed, plotted

in order of increasing target thickness. As is evident from these data, there is a

pronounced change in emission shape over a relatively small range of foil thicknesses.

Surprisingly, the thinner target data contain contain primarily odd-order multipoles

as is evident in their longitudinal (or "forward-backward") asymmetry, usually seen

only for ECC cusps. However, it is unlikely that ECC events are responsible for

this behavior in the data: the number of convoy electrons produced per incident

ion for incident (bare) Ar^®"*" is about 50 times lower than the number produced for

incident Ar^^"^ . Since the ECC probability for these two ions should not change

significantly, the enhancement of the convoy yield for incident (hydrogenic) Ar^^"*"

must be due to ELC. Thus the contribution of ECC to these data for incident Ar^'^"'"

is less than 2%.

The presence of longitudinal asymmetries is more likely due to the failure of

the first-Born approximation for this system. In this case, the mean orbital veloc

ity for the ground-state (Is) electron is ~ 18 a.u.—only about half the projectile

velocity. In a recent second-Born approximation calculation for ELC, Jakubafia-

Admundsen[61] has found similar results in the emission distributions for He"*"

(t^orb ~ 2 a.u.) -|- He at Up < 4 a.u. (i.e. Uorb/vp ~ 1/2). A more quantita

tive comparison between the present data and the results of Jakubafia-Admundsen,

involving the odd-order asymmetry coefficients, is made in the following section.

For thicker targets, the Ar^^"*" distributions become more transverse and begin

to lose their longitudinal asymmetry—both characteristics of ELC from higher n-

states. Therefore these data suggest the increasing presence of excited state con

tributions to the convoy yield for these targets. Furthermore, the thicker targets

appear to have angular distributions similar to the thick target data of Ar^®"*" . This

implies that the angular distribution equilibrium is independent of projectile charge
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Figure 3.3: Contours of electron emission distributions for Vp=37 a.u. Ar^'^"'" incident

on carbon foils, (a)-(h) Ar^^"*" + C, px = (a) 1.0 fxglcrri^. (b) 1.5 ̂ xg|crln?. (c) 2.6

ixg/crn^. (d) 3.5 ng/cm?. (e) 4.9 fj.g/cm^. (f) 8.0 fig/crn?. (g) 10.1 fig/crn?. (h)

21.4 pLg/cm^.
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Figure 3.4: Contours of electron emission distributions for Vp=37 a.u. Ar^®"*" incident

on carbon foils, (a)-(d) Ar^®"^ + C, /ox = (a) 3.5 [xg/cm?. (b) 4.9 (ig/cm^. (c) 10.1

fig/cm^. (d) 21.4 ng/crri^.
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Pictured in Figure 3.4 axe the resulting distributions for incident bare Ar^®"""

projectiles. As pointed out previously, the experimental convoy yield for this sys

tem was relatively low, malcing the time necessary to acquire a dataset with good

statistics rather long. As a result, only four different thicknesses were measured.

The measured data become increasingly transverse with increasing target thickness,

as did the previous spectra. Furthermore, there appears to be some longitudinal

asymmetry present as well.

Unlike the collisions involving incident Ar^®"'" and Ar^^"*" , the primary processes

responsible for convoy production with incident Ar^®"*" are unclear. In competi

tion with ECC (the SCC-process) is a two-step mechanism involving the capture

of a target electron into a bound state followed by a rapid ELC process. The so-

called ECLC process (Electron Capture-Loss to the Continuum) has been previously

suggested to explain the longitudinal symmetry of singly-differential convoy distri-
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butions produced by bare incident ions. [27,63] Additionally, ECC is not expected

to produce significant multipole moments higher than ̂ i[64]. Thus, the tranverse

distributions pictured here probably indicate the presence of ECLC in this data.

3.2 Multipole Moment Determination

3.2.1 Transformation and Convolution of the Differential

Cross Section

In order to quantitatively compare the observed distributions with theoretical pre

dictions of ion-atom ELC and ECC processes as well as with other experimental

studies of both cusp and convoy electrons, the data were fit to the multipole ex

pansion discussed in Chapter 1 (i.e. Eq. 1.2). Modifications to this form of the

lab-frame doubly-differential cross section (DDCS) were necessary to account for

the small but finite relativistic effects present in this measurement. This form must

also be convoluted with the finite experimental resolution of the experimental ap

paratus.

Using an approximate form of the Einstein velocity addition rules, the relativistic

lab-frame DDCS for near-threshold continuum electrons is shown in Appendix A to

be

X) ̂j,kVi~^Pk{cOS t?e), (3.3)
®  jyk

where Ve and ■de the electron velocity and polar emission angle in the projectile-

frame, and 7 is the relativistic correction factor associated with the projectile ve

locity Vp,

0 = ^. (3.4)
c

The observed data is described by integrating the DDCS over the experimental
resolution. Following the line of earlier work[28,65], the resolution function has been
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approximated as being separable in energy and angle. The observed distribution in

the lab-frame may then be written
n 2

i(E„e,)= f 5(E.,E.')dE.' " ,(E.',n,'). (s.s)
JAiie JAEit dJl'e OoZe

where G{Q,e,^e) 'S'(Ee,Ee') represent the angle and energy resolution functions

respectively. The energy resolution function has been described previously[28,65]

as being approximately of a trapezoidal shape, with a full-width at half-maximum

(FWHM) proportional to the resolution 6E/E and a top-width proportional to the

difference in entrance and exit apertures of the spectrometer. [40] For spectrometers

with rectangular entrance and exit apertures, the resolution has been written:

(5E 01-1-02

E =

where oi, 02 are the entrance and exit aperture radii respectively, and r is the

radius of curvature of the mean trajectory in the spectrometer. In this experiment

the exit aperture was 1.5 mm diameter. There was no fixed entrance aperture so

that Oi was determined by the size of the ion beam at the entrance focus of the

spherical sector spectrometer. The focussing elements prior to and in LISE were

set to provide a 1.0 mm diameter beam at the spectrometer's entrance focus. Using

the spectrometer radius of curvature, r =55 mm, the resolution given by Eq. 3.6 is

found to be about .011.

The angular resolution function, primarily due to the finite size

of the spectrometer's exit aperture a^. Assuming that the distribution of electrons

exiting the spectrometer uniformly illuminate the exit aperture, electrons exiting the

spectrometer with a particular angle (with respect to the central ray) will uniformly

strike an area on the PSD the size of the exit aperture. Thus, the resolution function

has been assumed to have a "pillbox" shape[65,33]; i.e. unity over an area the size of

the exit aperture and zero everywhere else. The corresponding angular uncertainty

66e becomes

66 = j (3.7)
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where I is the distance traveled by the electron in the drift region following the

exit aperture. Using I =150 mm for this experiment, the angular resolution 66 is

found to be 5 mrad. It should be stressed that this geometric determination of 66

ignores the effects of spectrometer angular abberations and fringe fields. Thus, this

equation for 66 should be regarded as an approximation, or at worst, a lower limit

on the value of 66.

Since the integrals in Eq. 3.5 axe done in the laboratory frame while the DDCS is

expressed in projectile-frame variables, a relativistic tranformation must be made to

write Ve and ■de in terms of the variables of integration. The details of this derivation

axe shown in Appendix B. Substituting the dimensionless variables p = Vg/vp and
z = Ue/vp, the resulting intensity can be written

dE'S(E.,E.')^f^^EfcV + (3.8)7  •'AEe i + P J „ Jzi Z

where A<f>e(z) is the or z-dependent azimuthal range of the resolution function

obtained by integration over <^g. The functions / and g axe defined as

If the azimuthal slice width w is sufEcienty larger than the angular resolution

pillbox, it is necessary to integrate the intensity in the PSD's y direction. It is easily

seen that the final experimental intensity becomes

7«^P(Eg,eg) = 2jj IiE,,6,{y/x^ + y^))dy. (3.10)
Since the argument of the Legendre polynomial in Eq. 3.8 must be raised to the

power, it is is useful to write
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_ f ̂
X — - + gz

z

x"^ = "^ + 2/5^ + g'^z'^
z^

x" = nCi S ,, .,. (3.11)^  \zj ^!(n-^)!.

Defining the coefficient of in the Legendre polynomial Pk{x) as COEF(k,j), the

integral over z becomes

/z''P„{x)dz = j^COEF{k,j)'£iCjfg'-' x
j=0 «=0

—  if w = n + j — 2i + 1 0
^  (3.12)

In z otherwise

This equation suggests the method used to evaluate Eq. 3.8. After initially deter

mining the Legendre coefficients using a recursion relation, the energy integration is

done numerically. At each energy point within the integration, the matrix FG(i,j),

whose components are iCjf^g^~*, is created and used to analytically evaluate the an

gular integrations for each k and n desired. This method allows for rapid evaluation

of the double integral—a typical 64 by 64 channel spectrum takes approximately 2

minutes to generate on a MicroVax II computer.

A number of generated distributions, contoured as described earlier, is shown in

Figure 3.5. The resolution values determined above ((5E/E = 0.011,6^ =5 mrad)

were used in the convolution. Each contour plot represents the resulting distribution

when a particular |do,Jt {k = 1—6,8,10) is set to (—1) and combined with the isotropic

term ̂ o,o = 1-

3.2.2 Fit of Experimental Data

Extraction of multipoles is made by utilizing a non-linear least squares fit [49] of

a spectral data set to Eqs. 3.10 and 3.8. There were 18 adjustable parameters in
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Figure 3.5: Contours of generated multipole distributions, (a) ̂o,o only, (b)-(i)

^0,0 = l,iSo,ifc = -1 (b) k=l. (c) k=2. (d) k=3. (e) fc=4. (f) fc=5. (g) k=6. (h)

k=8. (i) k=lO.
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the fit: 14 two parameters to locate the center channel (^e = 0°,Ee = Ecusp),

one parameter to characterize the approximately linear relative efficiency of the

microchannel plate [33], and the cross section amplitude (Tq. The range of energies

and angles fit was chosen (as closely as possible) to correspond to a range of ± 1.0

a.u. in U|| and v±. Furthermore, the region at the matching velocity corresponding

to a resolution volume was eliminated from the fit: the spectra are dominated in

this area by the v~^ singularity convoluted with the resolution function which is in

turn dominated by 'S'(Ee, Eg') rather than by the DDCS. This step

was taken to avoid uncertainties in the resolution functions significantly influencing

the fitted results.

Errors in due to uncertainties in the energy and angular resolution were

estimated by changing the resolution parameters by one error bar and refitting the

data. The uncertainties in S6 (± 4 mrad) and ̂ E (± 0.1% of E) were estimated by

comparing the results of Eq. 3.6 and Eq. 3.7 with the results obtained from a Monte

Carlo simulation of this spectrometer. [41] The changes in the refitted were

generally smaller (by about a factor of four) than the corresponding uncertainties

in ^j^k associated with the fit itself. These two sources of errors were added in

quadrature to obtain the final error in

The number of /3j,kS needed to fit the data was determined only after many early

fitting attempts. The decision involved both the number of angular moments k and

radial velocity corrections n.

For the angular component it was found that the thicker targets contain signif

icant even order multipole moments up to /9o,io- This result is in agreement

with previous measurements at lower velocites.[8,66] Beyond A;=10, the relative er

rors in fitted become large enough to cast strong doubts on their statistical

significance. Still, there does appear to be a trend of /3o,io with increasing target

thickness.

Since the presence of odd order contributions in the data (particularly high order
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Figure 3.6: Overlay of fit including only /?i and ̂ 3.

odd terms) was somewhat of a surprise, it was impossible to draw from experience

the number of odd-A: /Sj,fc's to fit. Initially it appeared as though there were only

single- and triple-lobed shapes in the Ar^^"*" and Ar^®"^ data, but it became clear

later that an additional term was required. An example is shown in Figure 3.6

where we have overlaid a fit including only the odd order terms /5j,i and /3j,3 to the

corresponding dataset generated from Ar^^"^ -(- 3.5 iig/cm?C. As demonstrated in

the figure, there exists five areas approximately equally spaced (~ 72° apart) where

the fit deviates slightly from the experimental data, suggesting the need to add a

/3j,5-pai-ameter to the fit.

Only the first order radial velocity component terms (j=0) were fitted to the data

initially. The main incentive for this was that there exists theoretical predictions

only for these terms. Furthermore, selecting a projectile-frame velocity range < 1

a.u. should cause the fit to be dominated by the "singular data" at the matching

velocity. However, at this high projectile velocity the resolution volume ̂t;||(6t;j.)^

becomes large since it is proportional to the electron velocity squared. Thus a larger

range of channels had to be fit (Au|| ~ Aux ~ 1 a.u.) in order to extract the an-
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gular information not dominated by the singulaxity-convoluted-with-the-resolution

functions. In order to adequately fit this range, it was necessary to add the first

order terms k < 6.

Although adding these second order velocity correction terms significantly low

ered the of if ^so presented a problem for comparison with theoretical

predictions of the multipole content. Since the range of v^s fit were all close to 1

a.u., it was decided to define an effective multipole moment, where

Pk = /?0,Ar+ <Ve> /3l,k

(< Ve >!=» la.u.), (3.13)

where < Ug > is the value of the projectile-frame emission velocity averaged over

the region of the fit. It is important to note that this procedure was attempted

only because the range of projectile-frame velocities fitted was small: The large

resolution volume which was eliminated from the fit contained most of the region

where Ug <C 1. In such a case, it is easily seen that the first two terms of the velocity

expansion of the projectile-frame DDCS reduce to

fPfT
croX)^Jt-Pjk(cos^g), (3.14)

where is defined in Eq. 3.13. The resulting /J^'s agreed well (within 20%) with

the previously-fitted Furthermore, the addition of the first-order velocity cor

rection terms allowed us to generate results to compare with theoretical predictions

of multipolarity without compromising on the goodness of the fit. The results of

these fits are summarized in Tables 3.1 and 3.2.
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Table 3.1: Table of fitted even-order effective /d^'s. Errors determined are given in

parentheses.

Projectile

Target

Thickness

(/x^/cm^)

^2 ^4 ^6 ^8 ^10

Ar^''+ 1.4 -.09(.02) .01(.03) -.ll(.Ol) .Ol(.Ol) -.04(.01)

n 1.8 -.18(.03) .02(.04) -.16(.01) .02(.01) -.08(.01)

M 2.2 -.18(.02) .00(.03) -.14(.01) .02(.01) -.03(.01)

II 3.5 -.32(.02) .04(.03) -.13(.01) .05(.01) -.08(.02)

II 5.3 -.32(.02) .01(.03) -.lO(.Ol) .05(.01) -.Ol(.Ol)

II 8.0 -.54(.01) .17(.02) -.15(.01) .06(.01) -.07(.02)

II 10.1 -.59(.02) .22(.03) -.16(.01) .09(.01) -.07(.02)

It 21.4 -.67(.02) .27(.03) -.16(.01) .07(.01) -.05(.02)

Ari8+ 3.5 -.48(.06) .08(.10) -.14(.03) .12(.03) .02(.04)

II 5.3 -.51(.04) .06(.05) -.lO(.Ol) .09(.02) -.01(.02)

II 10.1 -.64(.04) .20(.06) -.16(.02) .08(.02) -.03(.03)

II 21.4 -.75(.05) .29(.08) -.25(.02) .11(.02) -.09(.04)

Ari5+ 1.0 -.76(.02) .27(.03) -.13(.01) .04(.01) -.06(.02)

II 1.8 -.77(.02) .29(.03) -.16(.01) .08(.01) -.06(.02)

II 2.2 -.80(.01) .29(.05) -.12(.01) .05(.01) -.06(.02)

II 3.5 -.83(.01) .38(.01) -.24(.01) .13(.01) -.12(.03)

II 3.8 -.78(.04) .29(.05) -.15(.02) .08(.02) -.02(.02)

11 5.3 -.84(.04) .34(.05) -.19(.01) .06(.02) -.05(.02)

II 8.0 -.94(.05) .50(.06) -.33(.02) .22(.02) -.12(.03)

II 10.1 -.91(.04) .47(.05) -.30(.02) .16(.02) -.11(.04)

II 21.4 -.93(.01) .48(.05) -.30(.01) .16(.01) -.11(.02)
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Table 3.2: Table of fitted odd-order effective Errors determined are given in

parentheses. xl results from all even and odd terms listed in tables.

Projectile

Target

Thickness

iixg/cm^)

^3 /^s xl

Ari^+ 1.4 -.20(.02) .09(.02) .09(.04) 1.2

II 1.8 -.16(.02) .10(.05) .09(.05) 1.1

II 2.2 -.14(.02) .12(.02) .10(.04) 1.2

II 3.5 -.12(.02) .15(.02) .10(.03) 1.4

II 5.3 -.06(.02) .15(.02) .10(.04) 1.4

II 8.0 .Ol(.Ol) .12(.02) .08(.02) 1.9

II 10.1 -.02(.02) .10(.03) .07(.04) 1.6

It 21.4 .09(.02) -.02(.03) .12(.04) 1.5

Ari8+ 3.5 -.23(.06) .15(.08) .09(.ll) 1.1

11 5.3 -.13(.03) .11(.05) .08(.07) 1.1

II 10.1 -.04(.03) .02(.06) .07(.08) 1.1

II 21.4 -.02(.04) -.05(.07) .ll(.lO) 1.1

Aris-H 1.0 -.05(.02) .09(.03) -.02(.04) 1.3

II 1.8 -.02(.02) .07(.03) -.02(.04) 1.5

II 2.2 .01(.02) .05(.03) .OO(.Ol) 2.0

II 3.5 .OO(.Ol) .09(.08) -.Ol(.Ol) 1.7

II 3.8 .00(.04) .10(.06) .00(.07) 1.0

II 5.3 .01(.04) .11(.06) -.03(.07) 1.2

II 8.0 .01(.03) .10(.06) -.01(.08) 1.1

II 10.1 .03(.04) .06(.06) .01(.07) 1.2

II 21.4 .06(.01) .Ol(.Ol) .04(.01) 1.7
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Chapter 4

MODELING OF THE

MULTIPOLE EVOLUTION

4.1 Introduction

An important result of this convoy electron measurement is the ability to quantita

tively assess the validity of using theoretical predictions for electron excitation and

ionization in ion-atom collisions for this ion-solid collision system. In this chapter,

the evolution with target thickness of extracted multipole moments is modeled us

ing atomic cross sections associated with ELC and ECC, as well as with projectile

capture, ionization and excitation. Given the validity of the model to be used,

these data demonstrate a unique method of testing theoretical predictions for these

atomic cross sections.

As was demonstrated qualitatively in the previous chapter, the convoy electron

angular distributions change dramatically over a relatively small span of target

thicknesses x. This rapid evolution can be tracked quantitatively via the extracted

multipole moments I3k{x) and is attributed to changes in the relative contribution

from different precursor states. In this context a precursor state refers to the state

the electron occupies immediately prior to the collision which produces the convoy
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electron. The basis for the following analysis is straightforward: since the data

contain a superposition of multipole contributions from different precursor states,

it should be possible to model the multipole evolution given that we know the

multipole moment, and the thickness-dependent convoy yield, associated

with each precursor state i. Thus, for the measured multipole moment /3k(x), we

write

„., E, nYf(x)

where the summation is made over the ground- and all contributing excited-states.

For the Ar^^""" and Ar^®""" ions, events axe dominated by ELC of the "valence"

electron and ECC can be neglected. For these ions the ground-state corresponds

to the projectile state(s) Is (and 2s), and represents the only state(s) from which a

convoy electron may be produced under SCC. The remaining states of the summa

tion correspond to higher shells (n > 1,2) which may produce convoy electrons only

after a minimum of two collisions. For Ar^®+ , ECC cannot be neglected since it is

the only SCC process available to produce a convoy electron for the bare ion. In

this case, the ground-state is defined as the state corresponding to a bound target

electron from which the ECC electron is captured; the higher states correspond to

the projectile levels n > 1 from which the two-step processes of electron capture to

a bound state followed by ELC (ECLC) can occur.

4.1.1 Thickness-dependent Yields

In order to discuss the evolution of convoy electron yields from different precursor

states i, it is necessary to determine the fractional population of these states as a

function of thickness. The probability P' that a projectile is in a particular charge

state with electron(s) in a particular state(s) is usually described by a set of coupled

linear differential equations:[67]

^  - 'PiP') (^-2)
ax
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where a{ is the cross section for a transition from state i to state j, and x is the

target thickness expressed in atoms per unit area. By defining a total transition

cross section,

Eq. 4.2 may be rewritten

^ = -<7fr + 5;<7;p'. (4.3)
ax

The left and right terms on the right hand side are called the sink and source terms

(respectively) of the rate equation. Eq. 4.3 has the nonstationary solution[68]

P\x) = r ^ (TiP\x')dx'. (4.4)
Jo

However, Eq. 4.4 is not useful without knowedge of the other state functions

P^(x). In many cases only the initial conditions and transition cross sections for all

the P'(x)'s are known. A solution to the system of N differential equations requires

finding the roots (or eigenvalues) of an N-1 order (characteristic) equation which

generally cannot be done analytically for N>4. Therefore, a numerical solution of

Eq. 4.3 is usually necessary to determine the evolution of Pj.

In the following two sections, two separate examples of solutions to rate equations

of the form in Eq. 4.3 will be presented. In both cases, the P'(x)'s will represent

the probability that the projectile is in a particular state i, so that

J2P\x)<l. (4.5)
i

In the first section, the evolution of exiting charge state fractions is modeled nu

merically using theoretical predictions of electron capture, loss and excitation cross

sections for the (T-'s of Eq. 4.3. In the second section, analytic solutions are found

for the state-dependent convoy electron yields (per incident ion), Y^{x), using ap

proximations to Eq. 4.2.
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Charge State Fractions

As described in chapter 2, measurements were made of the exiting projectile charge

state fractions for 37 a.u. Ar^®"*" incident on targets of different thicknesses. The

evolution of charge state fractions is governed by the linear differential equations

of Eq. 4.2, where the number of projectile electrons and not their particular states

is important. Since there are no other experimental data for this system, these

measurements are important in assessing the accuracy of theoretical ionization cross

sections.

In the experiment considered here, the energy was sufficiently high that the equi

librium charge state fraction of Ar^®+ (bare) was very close to 1. Recall that the

equilibrium charge state fraction is defined as the average charge state of a projec

tile after transit through a target of equilibrium thickness; that is, the thickness

necessary to completely erase the memory of the incident charge state. Thus, for a

given incident charge state ion, the incident and higher (more fully stripped) charge

states should dominate the fractions in Eq. 4.3. For example with the Ar^®"'" inci

dent beam used here, the dominant charge states should be Ar^®"*", Ar^®+, Ar^'^"'",

and Ar^®"*". The ground electronic state of each of these ions will be considered first

(4 P"s) and additional excited states will be added later (8 P"s).

Listed in Table 4.1 are theoretical cross sections for excitation and ionization

of Vp=37 a.u. hydrogenic argon scaled for an atomic carbon (Zt=Q) target. The

full first-Born calculations of Gillespie[69,70] for excitation and ionization from the

Is and 2s state were used to determine the (t)'s for this system. Gillespie has

written the total cross section in terms of an overall scaling factor, 87r/vp^, times

an elastic (target is unchanged) plus inelastic (target is excited or ionized) collision

strength. The collision strengths are tabulated explicitly only for He, N, and Ar

targets, so the interpolation to atomic C was made by scaling the N elastic and

inelastic collision strengths as Zt aJid Z^ respectively. [69] Since addition over the

final state angular momenta is already made within the calculation of the collision
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Table 4.1: Table of theoretical excitation, ionization and capture cross sections for

37 a.u. Ar^'^+ and Ar^®""" + C to states of principal quantum number n. (n = oo

represents an unbound electron). (1) Gillespie; first-Born; (2) PWBA; (3) CDW.[72]

n <7j, W

(10-® A2) (10-®!^) (10-® A^) (lO-'A^)

1 — 2.94 0.572 45.3

2 42.5 — 2.17 19.7

3 8.52 166. 6.37 7.80

4 3.17 41.2 14.3 3.72

5 1.53 17.0 21.8 2.04

; ; ;

oo 63.4 170.

strengths, it is only possible to extract a cross section for a transition to a particular

n-level. The de-excitation cross section alt from Gillespie's results, and is

assumed to be collisional in nature. Gillespie's ionization cross sections, and cr^,

agree reasonably well (within 20%) with a plane wave Born approximation (PWBA)

calculation[71] for this system. For the excited-states n > 2, the ionization cross

sections have been averaged over the low angular momentum expected after a single

excitation collision (specifically = (<t~ + 4-

The results of a continuum distorted wave approximated (CDW) calculation of

electron capture cross sections carried out for this system by Rozet[72] are also

listed in Table 4.1. As is evident from the table, these values are much smaller than

the associated excitation/ionization cross sections.

It is clear that the above cross sections do not completely describe this prob

lem, since they concern bare and one-electron ions only. Nevertheless, these val

ues represent the best available predictions for this collision system. Furthermore,
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the comparison of these cross sections with charge state fractions measured in the

present experiment should give at least a rough idea of their accuracy, which will

be useful since these cross sections axe also needed to determine There are

three 'rules of thumb' used in the application of the above cross sections to this

system.

1. Each bound projectile-electron is assumed to behave independently for ioniza-

tion. For example, for the ionization of Ar^®+ to produce Ar^®""" , the transition

cross section is set equal to 2(t^ + .

2. The transition cross sections associated with electron capture are set equal to

Rozet's Ar^®""" capture cross sections to the appropriate shell. [72] In this case,

where only the ground states of the ions are considered, the cross section for

the transition from Ar^®"*" to Ar^®"^ is set equal to Partially filled shells are

also considered. For example, the cross section for capture by Ar^^"^ to produce

Ar^®"*" is set equal to <7^/2.

3. No transitions are considered which require two or more electrons to change

state. For example, the cross section for a transition from Ar^®"*" to Ar^^""" is

set to 0.

Once the transition cross sections for the four states are obtained, the set of

differential equations are integrated numerically using a fourth-order Runge-Kutta

method. [73] The initial conditions were set so that P^® = 1 and all other P' = 0.

The resulting charge state fractions are plotted (vs. target thickness) as the dashed

lines in in Figure 4.1, along with the experimental data.

While the agreement between the calculated and experimental charge state frac

tions is reasonable, some improvement can be made by adding a few excited-states.

Since theoretical cross sections for both excitation and ionization from the 2s state

are available, it is natural to include any excited-states containing only the Is and/or

2s state(s). This procedure adds one excited state of Ar^®"*" (ls2s^), two excited
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Figure 4.1: Charge state fractions of Vp = 37 a.u. Ar^®"'" incident on carbon foils.
The dashed line represents a theoretical prediction considering only the ground
states of each ion. The solid line includes low-lying excited states as well.
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states of (ls25,2s^) and one excited state of (2s) to the ground-states

of each of the four charge state ions. The total charge state fraction is the sum of

the ground- and excited-states of each particular charge state. The resulting charge

state fractions are plotted as the solid line in Figure 4.1 using the previous rules for

extraction of the implied 56 transition cross sections.

There is a marked improvement in the agreement with the addition of the excited-

state terms. In the first calculation, the only ionization channel available to the

bound electrons was through direct (single-step) ionization. The addition of the

excited-states allows the more rapid increase in higher charge state fractions present

in the experimental data by opening additional channels.

Convoy Yields

The equations governing the number of convoy electrons produced after a particular

thickness x are also of the form of Eq. 4.2, where the one of the probabilities,

represents the probability that an ion is accompanied by a convoy electron within

the viewing region of the experiment. Prom this point forward, this probability will

be denoted ̂ '^(a;), since it represents the yield of convoy electrons per incident ion

emitted within the measured viewing cone after a thickness x. In this section, it will

be necessary to distinguish between different electronic states of the same charge

state projectile, since the intrinsic multipole moments are strongly sensitive to the

convoy electron's precursor state. This analysis will consider only bound states

of different principal quantum number n since present theoretical cross sections

are only available for excitation to states of different n.[70] The probability of an

electron being in a projectile bound state n will be denoted P'*(x); the probability

that the electron is unbound will be denoted P°°{x). Thus, for example, ̂ (x) is a

fraction of P°°(x).

The fact that the equilibrium charge state for this system is very close to 18

(bare Ar) indicates that the cross section for electron capture is much lower than
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the corresponding cross section for electron loss. This is also clear from the table

in the previous section, where capture cross sections for Ar^®"^ were several orders

of magnitude less than the corresponding loss cross sections of Ar^^"*" . The same

argument applies for excitation and de-excitation. For example, in Table 4.1 is

2 orders of magnitude higher than In general, for this collision system, the size

of any source terms of Eq. 4.3 proportional to electron capture or de-excitation will

be much smaller than the corresponding sink term. Therefore these source terms

are ignored in this analysis. Under this assumption, a bound projectile electron can

only malce transitions to more highly-excited bound-states or to the continuum. In

this case, the set of linear differential equations of the form in Eq. 2, governing

the probability evolution (with thickness) of an electron occupying a particular

state, may be represented by a triagonal matrix. Neglecting for the moment the

"unbound" probability P°°(x), these equations can be written,

A.
dx

/pl\

1

o

o

o
/p^\

p2 CTj —(tJ 0 • • • 0 p2

p3
<^2 -<^3 • • • 0

p3

,  T/'C ,

\ \Y'J

(4.6)

The total transition cross sections (rf^i = n,c axe the eigenvalues of the matrix

so that the solution to the rate equation for any particular state will involve a

linear combination of exp(— i). In this equation, crj includes all transitions which

deplete state i including any transitions to states not described above. This includes

(primarily) ionization-transitions to state oo. The total convoy transition cross

section crj, which describes scattering of the convoy electron out of the viewing

cone of the spectrometer, is set equal to the equivalent free-electron (inelastic)

scattering cross section which, for this energy, is ~ 4 x 10~^A^.[55]

While the solution of this system of equations provides the total yield of convoy

electrons, it does not distinguish between convoys produced from different precursor

states. Since convoys produced from different states have different angular distri-

59



butions and therefore different multipole moments, it is necessary here to consider

the solution of when c is populated via specific channels, or a sequence of

transitions. Consider N transitions from bound state si through a progression of

more highly excited bound states s2, s3, • • •, s{N — 1) to a final state sN (=c). This

type of process could occur through a progressive excitation of the projectile via

multiple scattering in the bulk prior to the collision which produces the convoy

electron. Furthermore, for a particular state si in this chain, let the part of P"(x)

populated through this channel be denoted by The set of equations

governing these transitions can be written

_  „T p.,
-IT -

s2 psl T ps2

dx

dx̂
 - ̂lPt2 (4.7)

dp;!^.s1,s2,-,s{N-1) _sN n'(N-l) JT r>sN

If the system is initially in state si, or P'^(0) = 1, the solutions to Eq. 4.7 may

be found using Eq. 4.4:

pal _
T  T

pa2 _ -a2(_^ , \
^al - ̂alK T _„T ̂  „T _„T )

^a2 ^a\ " a2
T  T

PS..2 - (aj,-a]-,)(.TS,-<rT,)'^(<rI,-<'L)(''L-<2L)
.) (4.8)

T

(N-i \ f N

For the very thin targets used in this experiment, only a few collisions are likely

to occur with any significance; the convoy emission from highly excited n states is
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expected to be intense only if the electron populates these states after one or two

collisions. For incident Ar^®""" and Ar^^"*" , only one- and two-step processes involving

direct ELC or excitation prior to ELC were found to contribute substantially to the

overall yield in these thin targets. The one-step convoy yield (per incident ion)

of Ar^^"'" is produced by ELC of the n = 1 electron. This yield is denoted in the

model as Yi{x), and is described by Pi(x) in Eq. 4.8. Similarly, the production of

convoy electrons from higher bound states of Ar^'^"'" , is modeled by the two-

step convoy yield of Ar^'^+ , „(x). Again, the three-step contributions to Y^{x),

described by the three-step probability Pi,i<j<„,n(^)5 3^® assumed to be negligible

for these target thicknesses.

For the Li-like Ar^®"*" , the one- and two-step yields from the valence 2s electron,

Y^{x) and are described by P^ix) and P^^ni^) respectively. The total yield

from Ar^®"^ is obtained by adding twice the contribution from Ar^^"*" to simulate the

presence of two core Is electrons.

The situation is somewhat different for incident Ar^®""" . In this case, one-, two-

and three-step processes were found to contribute non-negligibly to the total yield.

These processes correspond to ECC, capture to a bound state prior to ELC, and

capture to a bound state prior to excitation prior to ELC. In order to see any convoy

electrons, some sort of unlikely capture event must occur, either to the continuum

(ECC) or to a bound state followed by ELC or excitation and ELC (ECLC). The

initial state represents the baxe Ar projectile and will be denoted here by P°°(x).

This state is initially very close to equilibrium and obviously is not described by

Eq. 4.8 for the initial state P'^(x). However, for the thin foils considered here, there

should be little if any change in P°°(x) so that it may be approximated as being

constant. For convenience, it will be written here as the solution for P'^(x) in the

limit of —*■ 0. The ECC yield then becomes

P'M = %(1 - (4-9)oov ,
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and the two- and three-step ECLC yields become
T  T

+ „T(„T _ ̂ T) + ̂T(^T _ ̂ T))
/  \ n n' c / 1

PL,n,n'(^) = v^r _ ^<rl{al - al){aT - crl)
T  T

<'5(<'5 - - <^5) - "Di"!' - "D ̂
At this point, it is necessary to determine the transition cross sections for the

yield equations. The capture cross sections, o-^, are already listed in Table 4.1.

Some interpolation is necessary to obtain the total transition cross sections af.

Gillespie's[69,70] results for ionization and excitation from the Is and 2s states are

used for crj (1.23 x 10"^A^) and (4.32 x 10"^A^), but no theoretical cross sections

are available for either excitation (to all higher levels) or for ionization from n > 2.

As n increases, crj should also increase and approach the value of (tJ(3.09 x 10-2A2).

Furthermore, must be greater than the total ionization cross section Since

(T~ rapidly approaches crj (e.g. cr~ is already > 70% of crj!), these restrictions

strongly limit the range of possible values for <tJ. Little difference was found in the

convoy electron yields or multipole evolution as a result of varying the values of trj

within these restrictions.

The only remaining unknowns in the above equations are the cross sections for

production of a convoy electron, af{i = 1,2, • • •, oo). For the ECC cross section

the cross sections for bound-state capture to states of asymptotic n axe used. This

technique follows that of Knudsen et al.[74], and begins by integrating only the first

order velocity contribution to the projectile-frame DDCS in Eq. A.l;

This singly-differential continuum capture cross section should be continuous across

the ionization threshold, so that it is possible to equate it with the bound state

capture cross section
<h d„ dn ^ (4.13)
dEe dn dE,
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Using the "reduced capture cross section", Oc ~ (which approaches a constant

for large n), ctq can be written

<To = —-—•
°  47rZ2 ^ ^

(7o is found to be 2.24 x 10~® a.u./steradian using the CDW-calculated cross section

for capture to n = 5 found in Table 4.1. Little difference is found using Chan and

Eichler's eikonal correction to the first Born approximation[75] for calculating

from which ctq is calculated to be 2.20 x 10~® a.u./sr..

For the ELC cross section, Szabo[71] has explicitly calculated the cross section

amplitude ao for ELC from states of n/ up to n = 9 for this collision system. Again,

for excited-states n > 2, we have averaged over low angular momenta to determine

cr^. A plot of these cross sections versus the principal quantum number are displayed

as solid circles in Figure 4.2, along with the ionization and capture cross sections of

Table 4.1.

Finally, once ctq is calculated, cr^ is obtained by integrating the lab-frame DDCS

over the range of energies and angles used for the yield measurements. In this case,

the range of lab-frame energies (~ ± 14 a.u.) and angles (~ ± 0.56°) selected for

integration of the experimental spectra correspond to approximately equal ranges

of I'll and ux in the projectile-frame (w 0.73 a.u.). This symmetric range was chosen

so as to minimize the effect of the anisotropic terms ^ 0, on the total cross

section (see Eq. 4.12). (In fact, the effect of including in the integration-set at

any arbitrary value -1< <l-changed the total cross section by less than 0.1%.)

The total cross section af is then equal to the cross section amplitude ctq times a

proportionality factor independent of the process (i.e. the angular distribution);

<7; ̂  co(27r7 f f —dEe sin9ed9c) = ocao. (4-15)
JAEe Jo Ve

In this case, a = 1.06 a.u.-steradian.

The total convoy electron yields (per incident projectile) are found by adding

the one- and two-step expressions for Ar^'^"^ and Ar^®"*" , and adding the one-, two-
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Figure 4.2: Cross sections for ELC, total ionization and capture vs. principal

quantum number n. The open diamonds represent the cross sections for capture

into states n summed over angular momentum I.[72] The solid circles represent

ELC cross sections[71] averaged over angular momentum as described in the text.

The open circles and open squares represent the total ionization cross section as a

function of n as listed in Table 4.1.
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and three-step functions for Ar^®"^ . These resulting yield expressions are compared

with the experimental data in Figure 4.3. The yield expressions are displayed as

solid lines in the graph. The experimental yields have been integrated over the

range discussed above and normalized to the number of incident ions. A channel

plate efficiency of 35% has been assumed for these ~ 20 keV electrons [76]. The

agreement between the experiment and theory is quite good, considering that no

free parameters were used. In fact, the largest disagreement between the model and

the data occurs in the case of Ar^®""" incident, where the large convoy event rates

made it necessary to use less incident beam current. As pointed out in Chapter 2,

this made it quite difficult to obtain accurate normalization. The large scatter in

the data is indicative of this problem.

4.1.2 Intrinsic Multipole Moments

An implicit assumption of this model is that the intrinsic multipole moments axe

not thickness-dependent. In other words, electrons emitted at thickness x from state

i have the same angular distribution exiting the target as those emitted from the

same state at a different thickness x'. This argument assumes that any scattering

of the convoy electrons in the bulk of the solid after their creation does not strongly

alter their measured angular distribution. The justification of this assumption is

seen by considering the perturbative effects of the projectile ion on the scattering

distributions of the convoys. More specifically, the presence of the large Coulomb

field of the projectile results in "Coulomb defocusing" [77]: The resulting distribu

tion of the convoy electron after an inelastic collision in the solid is much broader

than that for a free electron. If the convoy electron has momentum p prior to an

inelastic collision with momentum transfer Ap, the projectile-frame energy loss may

be written;

^ (p+Ap)' _ p^
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= p-.Ap+(M. (4.16)

The first term on the right hand side of Eq. 4.16 can be quite large—especially if

the convoy electron is near the projectile nucleus and has a large initial momentum.

At the time of the collision the convoy electron may be moving in any particular

direction (i.e. in any hyperbolic continuum orbit) about the projectile so that the

orientation of p is somewhat random. Thus, in addition to increasing the possible

energy transfer, Eq. 4.16 allows for lab-frame energy gains as well. Since the an

gular momentum of the convoy electron is usually small {I < 5), the corresponding

momentum distribution is quite large which therefore results in a large range of

final energies compared to the final distribution of similarly scattered free electrons.

An example of the strong effect of Coulomb defocussing is seen in a comparison

of free electron energy distributions, calculated using the technique in Section 2.2.1,

and convoy electron energy distributions calculated using the Monte Carlo method.

The latter method assumes a convoy electron exactly at threshold; i.e. a lab-

frame velocity Ve = Vp. Results of this comparison are shown in Figure 4.4a-b. In

Figure 4.4a, the Monte Carlo program assumed that the projectile charge Zp = 0,

thus simulating the free electron distribution for comparison with the transport

equation solution of chapter 2. As demonstrated in the figure, the agreement is

very good. In Figure 4.4b, the Monte Carlo program "turned on" the projectile

charge Zp=l and assumed the angular momentum of the convoy electron was I =

3. Even with this low Zp, the effect on the distribution is dramatic. Although

the distribution is still peahed at small energy losses, it is so broad that most of

the convoys are ejected out of a typical convoy viewing region. Thus, while it is

important to consider convoy electron transport phenomena for modeling the yield,

its effect on the angular distributions in the small forward cone is expected to be

negligible.

Neglecting convoy electron transport effects, should approach the multipole

moment expected in an equivalent atomic collision. Extending Burgddrfer's first-
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Figure 4.4: Comparison of free- and convoy-electron inelastic scattering distribu

tions. Distributions were generated for Vp=ll a.u. mono-energetic electrons inci

dent on a carbon target of thickness 42.5 a.u.. The solid line represents an iter

ative solution to the transport equation for free electrons (Zp = 0) described in

Section 2.2.1; the solid circles represent the results of a Monte Carlo simulation

including the perturbative effects of a projectile of charge (a) Zp = 0, (b) Zp = 1.
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Table 4.2: Table of theoretical for different initial states of hydrogenic

Argon. [71] Odd-order coefficients are always zero in the first-Born approximation.

Projectile {nl state) ^2 A I3e

Ar^^""" (Is) 0.095

Ar^^+ (2s) -0.652 0.180

Ar^'^"'" (5s) -1.10 0.53 -0.200

Born approximation theory for ELC anisotropy coefficients to arbitrary projectile

and target charge Zp, Zt, Szabo[71] has calculated a few for this collision system.

Table 4.2 lists the results of his calculation.

While the measurement made here cannot verify all of these values, the thin

target results for incident Ar^'^+ and Ar^®""" should approach (with decreasing target

thickness) the parameters associated with the states Is and 2s. For the Ar^^"*"

incident ion, the experimental ̂ 2 value for the thinnest target is closer to zero than

0.095. However, it is important to remember that the first-Born approximation

condition of Uorb •C Vp is not well met for the Argon K-shell. Indeed, the presence

of the odd-order coefficients ̂ 1, ̂3, and in the data are also not predicted by the

first-Born approximation.

The first-Born condition is better fulfilled for the case of Ar^®"'" incident. The

experimental values of ̂ 2 (-0.76) and ̂ 4 (0.27) for the thinnest target (found in

Table 3.1) are both a little larger than the 2s values predicted by Szabo. The dis

crepancies may be caused by the contribution of excited states n > 2. For example,

recalling the first-Born approximation section rules introduced in Section 3.1.2, the

existence of a fairly large in this dataset indicates perhaps some contribution

from n = 3.

A model of excited-state contributions should include emission from states np,

since excitation from the Is and 2s states will also occur to dipole-transition-allowed

p-states. Fortunately, while there appear to be differences in between different
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magnetic sublevels, the intrinsic multipole moments for ELC from npi and ns have

been found to be very similar. [78] Therefore, the /dj[. values for ELC from ns were

used in the modeling as the expected /3l values for ELC from (after excitation to)

n, independent of I. A linear interpolation was made to estimate the n-levels not

calculated (i.e. n=3,4).

However, it is evident from the discussion of convoy electron yields that there

axe significant contributions from states n > 5. Unfortunately, the calculation

of statistical multipoles for these highly-excited states (with ~ n radial nodes)

is much more difficult than the corresponding calculation for the inner shells.[78]

Furthermore, the (mean) orbital radius of the n = 5 state of Ar^^"*" equals the mean

atomic lattice spacing of the amorphous C target. Thus, emission from states of

larger n axe more subject to the dynamical screening of the target and axe probably

not well described by atomic collision calculations. In this model, these asymptotic

values axe simply set to the values used for emission from n = 5.

For ELC from states n > 1, where the first-Born approximation criterion is well

satisfied, the dipole moments (i > 1) have been set to 0. The negative values of /3i

found for Ar^'^"'" incident on thin foils (see Table 3.2) imply a negative dipole moment

associated with ELC from the Is state. Also, the negative values of found for

Ar^®""" incident on thin foils imply a negative dipole moment associated with ECC.

These two parameters which represent the SCC-dipole moments for incident Ar^^"""

and Ar^®"*" axe determined by a linear extrapolation of the thin foil results to zero

target thickness (x =0). For Ar^^"*" , extrapolation of results of the three thinnest

foils (s = 1.4,1.8 and 2.2 pg/cm^) gives = -0.30±0.06. For Ar^®+ , extrapolation

of the two thinnest foils (x = 3.5 and 5.3 pgfcm^) gives 13° = —0.45 ± 0.12. This

latter result agrees quite well the impulse approximation calculation of Jakubafia-

Amundsen[79] which predicts an ECC asymmetry coefficient of /3i = —0.44 for Ar^®"""

-f He collisions at the same velocity (vp = 37 a.u.).

Finally, the higher-ordered moments ̂3°, fc > 1, associated with ECC axe expected
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to be small. [64] Thus, for this model these parameters have been set to 0.

4.2 Results of the Model and Discussion

Shown in the following three figures axe the results of the model for the moments P21

^4 and . Also pictured as a function of thickness are the experimental multipole

moments for incident Ar^®+ , Ar^^+ and Ar^®+ . In these figures, the dashed line

represents the results using the theoretical values for the intrinsic multipole mo

ments described in the previous section. Where shown, the solid lines represent

the results after changing the /?][ values to better match the data for thin targets.

The quadrupole moment ̂2 demonstrates the largest change in magnitude versus

thickness and therefore the most sensitivity to variations in the model parameters.

It is clear from Figure 4.5 that the predicted values of ̂ 2 from Szabo fail to describe

the (primarily) SCC values for Ar^^+ and Ar^®+ . For Ar^^+ , the data appear to

approach zero instead of 0.095, suggesting a change in the value of Furthermore,

a constant offset in the remaining values of is implied by the good agreement

between the shapes of the data and theoretical curves. Significant improvement

is made by shifting the values for /^^{i > 1) by ~ —0.2 to match the SCC value

for Ar^®""" incident, as can be seen in the solid curves. For Ar^®+ , the shape of

the theoretical curve and data are also quite similar, although the data is larger

in magnitude. The solid line in this case represents the result when is changed

to -0.35. While this curve does a good job reproducing the data, this value of

is much larger than that expected for ECC.[80] Another possibility for this case

is that the ECC cross section is smaller than predicted in Eq. 4.15. For example,

if the ECC cross section Cq is reduced by a factor 3.5, the first two data points

are reasonably well reproduced by the model without changing the initial value Z?"-

This may be seen in the dot-dashed line in Fig. 4.5. However, besides the fact that

there is no reason to expect such a reduction in (Tq, this modified model clearly fails
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to match the data for the thicker targets.

In the modeling of ̂4 in Figure 4.6, as in the previous case, a shift in the theoret

ical values of the intrinsic moments /3\{i >1) produces a large improvement in the

agreement between the data and the model. Once again, the dashed lines represent

the results based solely on the theoretically determined intrinsic multipole moments

of the previous section—the solid lines represent the model after these values have

been shifted to improve the thin target agreement. For incident Ar^®""" , the agree

ment with the data is much better when the magnitude of the moments > 1) is

increased by ~ 0.1, although there still remain discrepancies for the thicker targets.

For both incident Ar^^""" and Ar^®"*" , the thin target values of /?4 approach 0, as

predicted. The difference in the dashed and solid lines for these two charge states

are the results of the shifted values of /3\ for ELC from excited-states introduced

to obtain a better fit with the ̂ 4 results for Ar^®+ incident. Finally, the resulting

model evolution for incident Ar^®"*" is displayed (again, as dot-dashed lines) for the

case of reducing the ECC cross section by a factor 3.5, as was attempted for the /?2

model above. Again, this reduction produces a clearly inferior result.

The poorest agreement between the model results and the data is seen in Fig

ure 4.7 of the dipole moment ̂1. Dipole moments vanish for emission from excited

states within the first Born criterion (n > 1) so that any observed evolution should

equilibrate at 0. Instead, these data seem to approach positive values of at

thicker targets. Physically, this corresponds to a larger number of convoy electrons

emitted eihead of the projectile or, equivalently, on the high energy side of the cusp.

This effect has been observed in the singly-differential energy spectra of convoy

electrons and has been interpreted as resulting from the slowing-down of electrons

from the binary encounter peak which occurs near Vg = 2vp.[15] Unlike inelastically

scattered convoy electrons, these higher energy electrons may suffer less from the

Coulomb defocusing effects caused by Eq. 4.16. Since population of the cusp region

by (initially) high energy electrons is not taken into account in the present model.
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it is plausible that the agreement here will be worse.

In Fig. 4.7, the dashed lines represent the results using the interpolated values of

/3J (-0.30) and (-0.45) discussed in the previous section. It is clear that the data

demonstrate a larger change in magnitude than the model for all incident charge

states. Once again, the dot-dashed line displayed for incident Ar^®"^ represents the

case of a reduction of the ECC cross section ctq.

With the exception of this example, the agreement between the models of the

charge state fractions, convoy yields and multipole moments, and the corresponding

data, is quite good. In particular, the rate of change of with thickness, djSkfdx,

is reproduced very well, even assuming a range of different values for the intrinsic

multipole moments The disagreements between the magnitude of the extracted

even-ordered moments and the corresponding values predicted by the model may be

removed by shifting the intrinsic multipole moments slightly in order to match

the data at very thin target thickness. Furthermore, the discrepancies between

the model and data for suggest contributions of continuum electron transport

phenomena to the experimental data. Since the evolution is the consequence of

multiple scattering processes, the model seems to do a credible job of describing

multiple collision events in terms of sequential single collisions. In general, these

results lend credence to an atomic description of collision processes inside the bulk of

a solid and, therefore, represent a unique method of verifying atomic cross sections

for excitation, ionization and capture. In this particular example, the set of cross

sections listed in Table 4.1 do an excellent job reproducing a variety of different

experimental data.

Unfortunately, because of the limited experimental beam time alloted for this

experiment, it was not possible to include measurements of Ar^®"*" incident on foils

thinner than 3.5 fig/crri^. These data would be very useful since the present interpre

tation concerning the quadrupole moment associated with ECC seems to disagree

with previous ion-atom results.[80] Furthermore, the count rates for this incident
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charge state are much lower than for incident Ar^®"^ and Ar^^"*" , it would be ben

eficial to make relatively longer measurements in order to gather better statistics

for these data. This would reduce the uncertainties associated with the extracted

multipole moments and consequently in the corresponding zero-target thickness ex

trapolations.
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Appendix A

Relativistic Transformation of the

Differential Cross Section

In order to facilitate convolution with the angular and energy resolution functions,

it is necessary to transform the projectile-frame DDCS to a lab-frame DDCS dif

ferential in energy and angle. The projectile-frame DDCS may be written[28]

E l^j,kviPk{cos i9e), (A.l)
e  ® j,k

where Ve and are the projectile-frame emission velocity and angle respectively.

Ee and represent the electron's projectile-frame energy and solid angle of emis

sion. Since the transformation between projectile and lab frame is much simpler in

velocity-space, it is helpful to write the DDCS as such. The full relativistic kinetic

energy of an electron (in any frame) of speed v = /3c is (in atomic units),

E = il- l)c'; 7 = (^-2)

The differential dE is easily found from Eq. A.2 to be j^vdv, so that the double

differential becomes

dEdO = j^vdvdQ = —dv. (A.3)
V

It is convenient here to define and 7e as the electron's relativistic factors in the

projectile- and lab-frame respectively. The projectile-frame DDCS in velocity-space
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can now be written:

(Pa 7fcro

dve Ve
J2/3j,kviPkicosde). (A.4)

The relationship between the volume elements dve (lab-frame) and dv^ (projectile-

frame) is

dve = \\M\\dve (A.5)

where ||M|| is the determinant of the Jacobian matrix between the two velocity

vectors. For a projectile with velocity Vp aligned along z, the Einstein velocity

addition rules

V.'x
Vx,y =

,y

7,(1 + ̂ )

v„. =
Vz+Vz (A.6)

are used to determine the Jacobian:

1
M  =

7p(1 +

fl 0 /3p7p^Ua;

0  f /^pTp^^y (A.7)

The lab-frame volume element of Eq. A.5 becomes:

dv.
dv.

7p'(i+'-T-y

so that the lab-frame velocity-space DDCS becomes

Pa " "• -'3

(A.8)

dvp = 7p''(1 + E hkviMcos tf.). (A.9)

Finally, the lab-frame DDCS, differential in Eg and fie (the lab-frame electron energy

and solid angle) may be found with the use of Eq. A.3:

dV . VpUe2,7fv
= 7p*(l +dE,dfl. ' c' -jj-

(A.IO)

In the above equation no assumptions have been made about the electron's lab

or projectile-frame velocity. However, by definition the projectile-frame velocity of
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the convoy electron is quite small—usually < 1 a.u.. Many of the above quantities

may thus be simplified;

o27; — 1 + 0(|) (A.U)
+  (A.12)
'  ' c

Since /3p < 1, the correction in Eq. A.12 is less than 1%. It is also clear that 7e —^ 7p-

Using the result above, the difference in 7e and 7p may be written:

7. - 7p = (1 - - (1 -

= (l + '^----)-(l + g^----)
» 0 + (A.13)

The DDCS for near-threshold processes then becomes

7(^o—Y^^j,kviPk{cosde), (A.14)
dEedfie '^e j j^

where 7 = 7p.
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Appendix B

Relativistic Transformation of ve,

cosi?e and d(cos0e)

Using the approximation in Eq. A.12 to simplify the velocity addition rules in

Eq. A.6, the lab-frame velocity components can be written;

Ve sin d.
(

JQ OAXA 1/ e

Ve)x,y = VeSin^,
7

(Ve)z = VeCOS^e ~feCOS??e-|-Vp (B.l)

It is convenient at this point to introduce the dimensionless variables z = Ue/vp and

p = Vg/vp. Solving for z in the above equations gives the expression

z = - 2/9 cos + 1) - sin^ ̂ e, (B.2)

where the second term is the relativistic correction to the dimensionless projectile-

frame velocity. Solving Eqs. B.l instead for cos?9e gives the expression

+  (B.3)
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where the functions /(p, 7) and g{p, 7) are defined as

Now that the argument of the Legendre polynomial is proportional to z and 1/z,

it is convenient to integrate over z. To write the differential dcos9e in terms of

dz, it is necessary to use the full velocity addition relation in Eq A.6. After some

straightforward algebra, the differential may be rewritten

dcos^e « —27rT~flTn2^^-
pt{^ + p^fr
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