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P r i c e , Jack L . , J r . , K - , L - , and M - s h e l l X - ray 

P r o d u c t i o n Cross S e c t i o n s f o r B e r y l l i u m , A luminum, and Argon 

Ions I n c i d e n t upon S e l e c t e d E l e m e n t s . Doc to r o f P h i l o s o p h y 

( P h y s i c s ) , December, 1986, 235 p p . , 10 t a b l e s , 37 

i l l u s t r a t i o n s , b i b l i o g r a p h y 82 t i t l e s . 

I n c i d e n t 0 . 5 t o 2 .5 MeV charged p a r t i c l e beams were 

used t o i o n i z e the i n n e r - s h e l l s of s e l e c t e d t a r g e t s and 

s tudy t h e i r subsequent e m i s s i o n of c h a r a c t e r i s t i c x - r a y s . 

^Be+ i ons were used t o examine K - s h e l l x - r a y p r o d u c t i o n f rom 

t h i n F, Na, A1, S i , P, C I , and K t a r g e t s , L - s h e l l x - r a y 

p r o d u c t i o n f rom t h i n Cu, Zn, Ge, B r , Z r , and Ag t a r g e t s , and 

M - s h e l l x - r a y p r o d u c t i o n f rom t h i n P r , Nd, Eu, Dy, Ho, H f , 

W, Au, Pb, and Bi t a r g e t s . L - s h e l l x - r a y p r o d u c t i o n c ross 

s e c t i o n s were a l s o measured f o r f 3 A1 + i ° n s i n c i d e n t upon N i , 

Cu, Zn, As, Z r , and Pd t a r g e t s . M - s h e l l x - r a y p r o d u c t i o n 

c ross s e c t i o n s were measured f o r f 3AI + and fgAr + 1 0 n s 

i n c i d e n t upon P r , Nd, Gd, Dy, Lu, H f , Au, Pb, B i , and U 

t a r g e t s . -

These measurements were pe r fo rmed u s i n g t he 2 .5 MV Van 

de G r a a f f a c c e l e r a t o r at Nor th Texas S t a t e U n i v e r s i t y . The 

x - r a y s were d e t e c t e d w i t h a S i ( L i ) d e t e c t o r whose e f f i c i e n c y 

was d e t e r m i n e d by f i t t i n g a t h e o r e t i c a l pho ton a b s o r p t i o n 

cu rve t o e x p e r i m e n t a l l y measured v a l u e s . The x - r a y y i e l d s 

were n o r m a l i z e d t o t he s i m u l t a n e o u s l y measured R u t h e r f o r d 



b a c k s c a t t e r e d (RBS) y i e l d s which r e s u l t e d i n an x - r a y 

p r o d u c t i o n c ross s e c t i o n per i n c i d e n t i o n . The RBS spec t rum 

was o b t a i n e d u s i n g a s t a n d a r d s u r f a c e b a r r i e r d e t e c t o r 

c a l i b r a t e d f o r t o account f o r the " p u l s e h e i g h t d e f e c t . 

The e x p e r i m e n t a l r e s u l t s are compared t o t h e 

p r e d i c t i o n s of both the f i r s t Born and ECPSSR t h e o r i e s , each 

of which i s composed of two p a r t s , t he d i r e c t i o n i z a t i o n 

( D I ) of t he t a r g e t e l e c t r o n t o the con t inuum and the c a p t u r e 

(EC) of the t a r g e t e l e c t r o n t o t he p r o j e c t i l e . The f i r s t 

Born d e s c r i b e s DI by t h e P I a n e - W a v e - B o r n - A p p r o x i m a t i o n 

(PWBA) and EC by the Oppenhe imer -Br inkman-Kramers t r e a t m e n t 

o f N i k o l a e v (OBKN). ECPSSR expands upon t h e f i r s t Born by 

u s i n g p e r t u r b e d (PSS) and r e l a t i v i s t i c (R) t a r g e t e l e c t r o n 

wave f u n c t i o n s i n a d d i t i o n t o c o n s i d e r i n g the energy l oss 

(E) of t he p r o j e c t i l e i n t he t a r g e t and i t s d e v i a t i o n f rom a 

s t r a i g h t l i n e t r a j e c t o r y (Coulomb d e f l e c t i o n ( C ) ) . 

The measurements p r e s e n t e d show t h a t t he f i r s t Born 

t h e o r i e s o v e r e s t i m a t e the measured r e s u l t s r a t h e r 

s i g n i f i c a n t l y f o r a l l expe r imen ts u s i n g t h e ^Be beams t o 

examine t h e i n n e r s h e l l x - r a y s , w h i l e t h e ECPSSR p r e d i c t i o n s 

f i t t he measured data much b e t t e r . For i n c i d e n t ^ A 1 and 

^ A r i o n s , t he measured r e s u l t s are not p r e d i c t e d by t h e 

t h e o r i e s . The f i r s t Born g e n e r a l l y o v e r p r e d i c t s the data 

f o r low t a r g e t a tomic numbers w h i l e u n d e r p r e d i c t i n g at h igh 

a tomic numbers. The ECPSSR t h e o r y g r e a t l y u n d e r p r e d i c t s the 

r e s u l t s ( f a c t o r s o f 103 t o l O 2 0 ) . Reasons f o r t h i s b e h a v i o r 

are d i cussed as w e l l as s u g g e s t i o n s f o r f u t u r e e x p e r i m e n t s . 
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CHAPTER I 

INTRODUCTION 

The inner-shell of an atom can be ionized by one of 

three major processes: (i) photoionization, (ii) radioactive 

decay, or (iii) charged particle excitation. Studying 

inner-shell excitation and ionization yields much insight 

into the physics of (i) the structure of an atom, (ii) the 

interaction between photon radiation and matter, and 

(iii) the interaction between ions and atoms (particle 

radiation and matter). The studies of ion—atom collisions 

resulting in inner-shell ionizations can be divided into 

light-ion (electron) and heavy-ion (proton and heavier) 

interactions. The study presented here concerns the 

* * 9 H" 

interaction of ^Be incident ions with various targets to 

study the associated K-, L-, or M-shell ionization 
processes. Additional results are presented for i!ai+ and 
0 . + . . . 
1gAr ions incident upon several targets. 

Once a vacancy is produced in the inner-shell of an 

atom by one of the above processes, the excited atom may 

then decay by a radiative (x-ray) or non-radiative (eg. 

Auger) process. The measurement of the x-rays emitted or 

the electrons ejected during the decay provides a technique 

to estimate the total inner-shell vacancy production. By 

1 



using previously measured fluorescence yields (probability 

for radiative decay), one can convert the measured x-ray 

production cross section into the total ionization (vacancy) 

cross section. 

General Concepts of Charged 
Particle Excitation 

When a heavy charged particle passes through matter, it 

loses energy primarily by having numerous interactions with 

the target atoms' electrons. These interactions could 

result in an inner-shell vacancy. The process by which the 

target atom is ionized is very dependent upon two ratios: 

Z i /Z £ and v^/Vg, where Z^/Z^ refers to the ratio of the 

atomic numbers of the incident projectile and target atom, 

and v.J /ve is the ratio of the velocity of the projectile to 

the Velocity of the target electron. 

A Coulomb interaction between the incident ion and the 

target electron may result in exciting the electron into a 

higher quantum state or (more likely at high projectile 

energies) directly ionizing the electron to the continuum. 

This Direct Ionization (DI) process dominates at high 

incident velocities and very small atomic number ratios 

^ 1 ^ 2 <<: ̂  o r v1 / / ve > > ^ o r l° w e r incident velocities 

(v1 - ve), the Electron Capture (EC) process begins to 

become dominant. In this process, an inner-shell electron 

of the target atom is "captured" or transferred to a bound 

state of the incident projectile. For very slow ( v ^ v <1 



and v 1 / v e « l ) and nearly symmetric (Z^/Z2 - 1) collisions, 

a third process called electron promotion is important. As 

the two atoms (projectile and target) come close during a 

collision, they form a quasi-molecular orbital system for 

their accompanying electrons. Transitions between the 

molecular orbitals and the separated atomic orbitals give 

rise to inner-shell vacancies after the collision is 

complete. In the work presented here, the region between 

the DI plus EC and the electron promotion processes is being 

probed. 

Theoretical Approaches to Charged 
Particle Ionization 

Several theories have been proposed over the years to 

describe the Direct Ionization process. Some of the most 

successful theories have been the Binary Encounter 

Approximation (BEA)1'2,3 the Semi-Classical Approximation 

(SCA),^'5 and the Plane-Wave' Born Approximation (PWBA).^ 

These theories give reasonable predictions for low Z1 

projectiles (Z^ £4) on high Z 2 targets with the best 

agreement for K-shell ionization and somewhat less reliable 

results for L- and M-shell ionization. 

The Plane Wave Born Approximation (PWBA),^ derived by 

Bethe in the early years of this century, was used to 

describe K-shell Direct Ionization (DI) very effectively. 

This formalism has since been extended by Walske^ to include 



the L-shell ionization and by Khandelwal and Merzbacher^ 

(revised by Choi10) to include M-shell ionization. Further 

refinement over the years has been necessary to account for 

some discrepancies with the available data as new 

11 1 

experimental techniques result in more precise data. 

The electron capture (EC) contribution to target 

vacancy production was first studied by Oppenheimer1^ and 

evaluated in the first Born Approximation by Brinkman and 

Kramers1® (OBK). In 1966, Nikolaev1^ extended the OBK 

calculations to include the nuclear-nuclear interactions 

between the projectile and target atoms. The resulting OBKN 

theory in the first Born approximation has resulted in 

fairly good agreement with the data (within an order of 

magnitude). Further refinement became necessary as more 

precise experimental techniques were developed. 

More recently, Basbas proposed a theory that is 

similar to the PWBA formalism for DI but takes into account 

the increased binding effect on the target electrons by a 

slow projectile which penetrates the target electron 

orbitals and polarization of the orbital by a large impact 

parameter projectile. This theory, the Perturbed Stationary 

State (PSS) Theory, 1 1' 1 2' 1 3' 2 0' 2 1 has been modified by 

Brandt and coworkers to account for the energy loss (E) of 
22 

the projectile in the target , the deflection of the 

projectile atom by Coulomb repulsion (C) from the target 

20 
atom , and the relativistic (R) nature of the target 



21 24 
electron orbitals themselves . G. Lapicki and A. Zander 

summarized the new theory for K-shell ionization. This 

approach has also been applied to the OBKN theory by 

25 

Lapicki and coworkers with much success. The resultant 

theory (ECPSSR) goes beyond the first Born approximations of 

the PWBA and OBKN theories and thus have extended the 
regions of validity from Z^/Z2« 1 and v^/v g » 1 to 

Z 1 / Z Q < 1 and v../v <1. 
1 2 1 e 

The processes involved in very slow ion-atom collisions 

have been described by the electron promotion model based 

26 29 

on the works of Fano, Lichten, Barat and Lapicki. 

This model has given rise to the Molecular Orbital (MO) 

Theory. Meyerhof, Anholt and coworkers have examined 

this in detail and have found that for symmetric and near-

symmetric (Ẑ  - Zg) collisions the theory describes the data 

trends very well for the resultant K-shell vacancies. They 

have identified four basic MO interaction regions resulting 

in K-shell vacancies. Region (i) Is excitation: These 

are due primarily to ionization in the united atom for 

Z.j < by a process similar to direct ionization. They 

result in separated atomic K-shell vacancies. Region (ii) 

2p excitation: These may be due to a direct excitation 

process from the 2pa level or a two step coupling process 

from the 2pa to the 2pir and finally to the 3PTT leaving a 

vacancy in the K-shell of the separated atom. Region (iii) 



K-vacancy sharing: The 2pa vacancies created by some 

process (possibly in region (ii) above) are then shared 

between the heavy and light atoms in the collision as they 

separate in the outgoing phase of the collision. This 

results in K-shell vacancies in the separated atom. Region 

(iv) K-L level matching: For asymmetric collisions, a 3da 

molecular orbital vacancy produced by some means can be 

shared between the Is (K-shell) level of the light atom and 

the 2p (L-shell) level of the heavy atom. This would result 

in both K- and L-shell vacancies but our investigation would 

probably be concerned with the L-shell vacancy of the heavy 

atom. These vacancies are enhanced in thick targets as 

multiple collisions will give rise to more 2pa and 3da 

vacancies which can be transferred to separated atom K-shell 

vacancies by processes described in regions (iii) and (iv) 

above. The effects of these vacancies upon higher level (L-

and M-shell) vacancies in the separated atom are still not 

clear. 

This investigation is an attempt to bridge the gap 

between the DI plus EC regions and the electron promotion 

region by examining collisions in the Z 1 < Z 2 low velocity 

interaction. The data are compared to the ECPSSR theory in 

an attempt to push it to the limits of its validity. 

Experimental X-ray Production Measurements 

Since early in this century, x-ray production by 



charged particle ionization has been studied very 

extensively. The results of these investigations have been 

reported in numerous publications. Experimental cross 

section results have been a major portion of these papers. 

Most cross section results have been tabulated in summary 

reports. Some excellent published summaries include: 

O IT 
(a) Gardner and Gray for K-shell work prior to 1978, 

(b) Paul and Muhr^ for K-shell work prior to 1983, 

O7 
(c) Hardt and Watson^' for L-shell work prior to 1976, 

O O 
(d) T. J. Gray for L-shell work prior to 1977, 

•3 Q 
(e) Sokhi and Crumpton for L-shell work prior to 

1983 with incident protons, and 

(f) G. Lapicki, et. a 1.^ for L-shell work prior to 
1985 with incident helium ions. 

In addition to these summaries, numerous other results of 

inner-shell ionization cross-section measurements have been 

reported in the literature. Other results and references 

for K-shell ionization measurements can be found in 

references 41 to 49- More results and references for L-

shell ionization measurements can be found in a recent paper 

50 

by Andrews et. al. M-shell ionization results with 

references to previous work can be found in papers by 

Andrews et.al.^1 and Mehta et. For most of the 

data reported in these papers the studies were confined to 

very low Z^/Z^ ratios and very high velocity ratios or for 

Z^/Z^- 1 and very low velocity ratios. 

The scope of the work reported here is to push the 



ECPSSR theory into the transition region of low Z-|/Z2 and 

low velocity ratios. For incident ^Be+ ions with energies 

ranging from 0.5 to 2.5 MeV (55 keV/amu to 280 keV/amu) the 

experiments examined the following regions: 

(i) 0 .21 < 
z i 

V 

/Z„ < 0.44 
d. 

0. 092 < 

z i 

V / v 2 K < 0 . 4 7 

f or the K -shel 1 studies, 

(ii) 0. o
 

OO
 

< Z /Z„ < 0.142 

0. 027 < V 

d. 

/v2 L ^ 0.151 
for the L -she 11 studies, 

(iii) 0. 

OO
 

o
 < Z /Z0 < 0.068 

0. 022 < V 

c. 

/ v 2 M ~ °' 1 0 1 

for the M -she 11 studies. 

The targets used in this study ranged from gF to for the 

K-shell, 2 g C u to J J Q Z r for the L-shell, and 5 g P r to ^ B i for 

the M-shell measurements. 

Experimental Difficulties 

There are a few experimental reasons why the study 

presented here has not been done before. The production of 

Q "4* 

a sufficient Be beam is difficult for a low—medium energy 

2.5 MV Van de Graaff accelerator. The equipment used to 

produce this ion beam is described in Chapter III. The 

energies of the x-rays for the elements under study all are 

less than 3.5 keV. The resulting uncertainty in efficiency 

determination is due in large part to the rapid decrease in 

Si(Li) detector efficiency for E x <2 keV and the presence 

of the silicon and gold absorption edges. The method 

used to determine detector efficiency is also described in 



Chapter III. For the L- and M-shell studies on thin 

targets, problems may arise due to the evaporation of the 

target elements on thin carbon backings which may have low Z 

contaminant elements on them. These contaminants introduce 

additional peaks in the x-ray spectra which tend to obscure 

the L- or M-shell x-rays of interest. This problem was 

minimized by using techniques of evaporation reported in 

earlier papers. ' 

The resultant data were compared to the ECPSSR theory 

for total ionization by converting the total ionization 

cross sections to x-ray production cross sections using the 

single hole fluorescence yields of Krause.^ There is a 

problem using this method due to multiple ionizations in the 

target which will change the fluorescence yields. Multiple 

ionizations also cause a shifting in the actual x-ray line 

energies causing further uncertainty in the detector 

efficiencies. These problems will be discussed further in 

Chapters IV and V. 



CHAPTER II 

THEORY 

There have been numerous theories developed in order to 

describe inner-shell vacancy production by incident charged 

particles. Some of these theories include the Binary 

1 2 *3 

Encounter Approximation (BEA), ' ,J the Semi-Classical 

Approximation (SCA),^'^ and the Electron Promotion2^-2^ 

(Molecular Orbital, theory. The two theories used 

for comparison with the measurements reported here are the 

First Born Approximation and the Perturbed Stationary State 

(PSS) theory. These two theories describe the vacancy pro-

duction by two major processes, the Direct Ionization (DI) 

and Electron Capture (EC) processes. 

First Born 

Plane Wave Approximation 

The First Born theory is a quantum mechanical 

description of vacancy production which uses a perturbation 

technique and incorporates contributions from two major 

processes. The Plane Wave Born Approximation (PWBA) is that 

part of the theory which describes the Direct Ionization 

process while the Oppenheimer-Brinkman-Kramers treatment of 

Nikolaev describes the electron capture process. 

10 



11 

The PWBA theory was first developed by Bethe^ in 1930. 

It assumes a high incident velocity for the projectile 

2 

(Z^e /hv.j << 1) and a very low ratio. These 

conditions were necessary in order to easily evaluate the 

transition matrix element integrals which when squared give 

an expression for the cross section. The high velocity 

limit is required to describe the incident ion in simple 

terms (i.e., a plane wave) and the low Z^/Zg ratio insures a 

small interaction between the ion and atomic electron so 

that the perturbation calculation remains valid. The 

expression for the cross section is given by: 

PI 
O" = ( - r i b F ) 

where and are the incident and final state wave 

function of the projectile described by plane waves, ^ and 

are the initial and final state wave functions of the 

target atomic electron, usually described by hydrogenic and 

spherically scattered wave functions, and r^ - r 2 is the 

separation between the projectile and the target electron. 

Using AE and -fiq as the energy and momentum transfered 

to the ionized electron, the resulting differential cross 

section for Direct Ionization to the continuum using a 



hydrogenic wave function for the electron is given by 

d o " - 8TraQ w n 
z, e 

A * " . 
lw.„(Q) 

d W d Q 

Q 
(11 —2) 

where a Q is the hydrogen Bohr radius and v., is the relative 

velocity between the projectile and target electron 

2 

(v1 = 2E1/M1). The energy and momentum transfered during 

the collision are given as 

12 

AE = W*Z2g* Ry (11-3) 

and 

ftq = Q^-Z 
2S (II-4) 

Ry is the Rydberg constant which is 13.6 electron volts. 

The screened nuclear charge, Z 2 S, is given by Slater
56 to be 

J2S 
= < 

/ Z 2 - 0.3 for the K-shell 

Zg - 4.15 for the L-shell 

z2 ~ 11-25 for the M1, M2, and M3 subshells 

\ ~ 21.15 for and subshells. 

(II-5) 

l FWn ( Q )' 2 ; L s d e f i n e d by Herzbacher and Lewis,7 Walske,8 and 
'. 10 

Choi using the dimensionless energy and momentum transfer 

parameters. Roughly this term can be expressed as 

F 
' V w,n 

(Q) o! Q e*p [-(nrJoLrctin k1 + ir*)]} r> 
(II-6) 
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with n - 1,2, or 3 for K-, L-, or M-shell ionization 

respectively and k 2 = W -1. C„f is a series of terms 

involving k, Q and other constants derived in the above 

papers (ref. 7,8,9 and 10) for the different inner-shell 

ionizations. 

By integrating II-2 over the dimensionless momentum dQ, 

one obtains the excitation function, In(W), for the 

ionziation. This in turn is to be integrated over the 

dimensionless energy dW to yield the total ionziation cross 

section. The "atomic form factor" is: 

F-,t (Ve* , e,') = 

/ 

d w 

I 

dQ 

Q (II-7) 

where is the reduced velocity parameter, if; = [v,/(Zaj v#)]
x , 

and &. is the scaled binding energy (or screening number), 

©• = (Hu).nVz1 » ( h w )i is the observed binding energy of 
t L J 

th 

the i 1 electron. The final cross section for Direct 

Ionziation of the i ^ target atomic shell is then 

-V -i 
°L " °° Z2i 6i £,< (II—8) 

where a = 8 it a • and F a-) = (V * tt' 4 (fi. a ) o o » '«,<1 (76>- I >?. 

is the atomic form factor. These form factors have been 

calculated and tabulated previously.5^"^0 The final form 
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may then be written as 

^57% hit;,*) (II"9) 

Oppenheimer-Brinkman-Kramers-Nikolaev Treatment 

Once the projectile has penetrated the inner-shells of 

the target atom, there is a possibility that another process 

other than Direct Ionization can occur. This process is a 

rearrangement collision where the electron in the target 

atom is attracted to and is captured by the penetrating ion. 

This electron capture (EC) process was first analyzed by 

Oppenheimer 1 7 in 1928. Brinkman and Kramers 1 8 (1930) 

evaluated this process by a Born Approximation technique 

including two perturbing potentials, (i) the Coulomb 

attraction between the target atom and its electron and (ii) 

the attraction between the 'incident ion and the target 

r A 

electron. Jackson and Schiff D (1953) showed that the 

Coulomb repulsion between the incident and target nuclei 

needed to be included. In 1966, Nikolaev 1^ incorporated 

Jackson and Schiff's term with observed binding energies and 

non-relativistic, screened hydrogenic wave functions in his 

cross section calculations. 

The Schroedinger equation Hamiltonian of the 
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capture interaction is written as 

^ + V(r,} + l/(ra) + U (r; 
^ A 

( 1 1 - 1 0 ) 

for the time before the collision. After the collision the 

Hamiltonian is given by equation 11-11. 

ji! 
; v R

l - iji v n * + vtfi) + » U ( r ) (II-11) 

where y1 = mM 1/(m + M1 ), M1 = + M2)/(m + M1 + M2), 

y 2 = mM2/(ra + M2), and M 2 = M 2(m + M1)/(m + M1 + H2). 

and F 2 are the position vectors for the incident and target 

nuclei of masses M1 and M 2 to the target (captured) 
a 

electron. R is the distance between and M2« With the 

interaction potentials being given as: 

v . o = ^ u « ) . , ( n - i 2 ) 

then the total cross section for electron capture from the 

i t h state of the target to the f t h state of the projectile 

is 

oflK A/ 1 
or — t l \A 

"M. M* 

M. + M* 

v 
v u (11-13) 

where is the interaction matrix element 
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/ 

U L 

^ ( r ) is the ground state wave function of the electron in 

the target atom, Z^, and^F^(r) is the wave function for the 

electron in the projectile, Z y The incident projectile's 

momentum, position, and velocity parameters are given by the 

unprimed k, R, and v variables while the primed variables 

(kT, R', and v') refer to the outgoing parameters for 

The resultant cross section calculated by Nikolaev1^ for 

electron capture from the S shell to the S1 shell is 

rfKI . A /SS' \(V,s.ft'L] <£>(<'-es)l >v) 

where 

es=tt<4<,,7(z>v) is the scaled binding energy, (11-16) 

= i s a dimensionless velocity, and (11-17) 

is the minimum momentum transfered (11-18) 

in the collision. 

The function ^(t) given by Nikolaev19 is 

<£(t) = f [1 + J'(n--t) -(1-if-i -£("ij\} ^ (11-19) 

which, for t < 3, reduces to a good approximation (within 
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2%) i 

<£(t)= (l + 0-3 t j (11-20) 

Perturbed Stationary State Theory 
and Other Modifications 

Polarization and Binding Effects 

For high velocity projectiles, the PWBA theory has 

historically been validated by experiment.^'11 ~1 6,35,44,46 

There is little electron capture present since the incident 

velocity is much higher than the target electron velocity. 

However, this process becomes more important as one gets 

closer to v^ s v Q, and in some cases it can dominate the 

ionization process for high and for highly ionized 

projectiles (K-shell vacancies in the incident ion). There 

has been some investigation into the processes limiting the 

First Born theories to high velocities.11 ~1 6,44,46,59,60 

Modifications to this theory have been proposed to account 

for the low velocity discrepancies. 

The Perturbed Stationary State (PSS) formalism of 

Basbas et̂ _ al. 1 1 , 1 2 , 1 3 evaluates the effect of a slower 

ion's presence on the electron orbitals of the target atom. 

He accounts for the increased binding of the target electron 

due to the presence of the projectile inside its orbit. The 

polarization of the electron's orbital caused by a large 

impact parameter projectile outside the orbital is also 

accounted for. These effects can be incorporated in the 
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theory by using perturbed electronic wave functions for 

a n d ^ , in equation (11 — 1). 

These effects have also been accounted for by modifying 

the PWBA cross section with "perturbations" on the screening 

parameter, 0g. These modifications are equivalent to the 

PSS wave function perturbation. To account for increased 

binding for small impact parameters, 8 is modified to be1^ 
s 

, (n-21) 

where g(?s) is obtained by a numerical integration method 

1 

devised by Hansen. The net effect is seen to cause an 

increase in the binding of the electron and thus a lower 

cross section for ionization. 

The polarization factor is also incorporated into the 

PWBA by modifying the screening parameter. First, the 

effect is studied by assuming that the electron in its orbit 

may be treated as an isotropic harmonic oscillator and the 

perturbing potential is Coulombic but expressed as a 

multipole expansion. For large impact parameters, the 

dipole and quadrapole terms contribute and factors 

to the transition probability. With this incorporated into 

the theory, the total screening parameter modification for 
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both polarization and binding effects is11'21 c 0 , where 
s s7 

and g(Cs,Cs) and h(5s,Cs) are functions which are derived 

and discussed by Basbas et al 2 1 in order to describe the 

binding and polarization effects respectively. The g 

function is seen to increase binding thus reducing the cross 

section while the h function decreases the binding resulting 

in a slight increase in the ionization cross section. The 

net effect is evaluated by Basbas et a J L ^ 0 give the new 

theory, PSS, in terms of the old PWBA (Equation II-8) as 

r - r^ 
(11-23) 

Coulomb Deflection Effect 

In all the treatments for ion-atom collisions using 

standard Born approximation techniques, the projectile is 

described by a plane wave (used in the PWBA and PSS 

theories) or as having a straight line trajectory (SCA). 

These approximations become invalid for lower velocity 

incident ions since the plane wave (PWBA and PSS theories) 

becomes appreciably distorted due to the Coulombic influence 

of the target nucleus, or the trajectory deviates from the 

straight line (SCA theory) to a hyperbolic path. Therefore, 
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in order to "stretch" the PSS theory below its high velocity 

limits, and (Equation 11 — 1) will have to be altered to 

account for the presence of a perturbing field; or the 

nuclear-nuclear interaction can be incorporated as a 

perturbation potential upon the original plane waves. 

Bang and Hansten^ originally used classical 

trajectories to account for this effect. Brandt and 

22 23 
coworkers ' incorporated an empirical approach to extract 

an approximate correction factor to the PWBA or PSS 

theories. This factor was then derived by Lapicki and 

6 2 

Losonsky to give support to the result of Brandt. The 

correction factor can be incorporated into the quantum 

mechanical treatment (PWBA or PSS) of ion-atom collisions as 

c i = ( n i - 1) E n (T rdq . ) , ( 1 1 - 2 4 ) 

where d = %(2 Z 1 Z 2 e
2 / M 1 v J ) and irdq£ = % Z ^ m / M ^ ef (n-/ef) . 

d is the half distance of closest approach and E (irdq.) is 
ni 1 

an exponential integral of order n 

OP 
/ 

^ (ft;-I) -x 
1 ~ (»vi+x; e 

( I I - 2 5 ) 

This correction for the trajectory deflection will tend 

to reduce the predictions of the PWBA and the PSS theories. 

This factor is still under considerable study^^'^^ as the 
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actual effect at very low velocities is uncertain. 

Discrepancies between actual results and theoretical 

predictions at low velocities may be due to uncertainties in 

this factor. The total correction is incorporated the 

following factor 

C F " " - C i O " ' . (11-26) 

Relativistic Correction 

At low incident velocities, the ionization process 

involves the target's high velocity electrons in order to 

conserve momentum during the interaction. Several methods 

have been suggested to account for the relativistic effects 

upon-the ionization. Jamnik and Zupanicic^ as well as 
£ n 

Davidovic et al used relativistic wave functions in the 

quantum mechanical theories but the calculation is long and 

difficult. Merzbacher and Lewis7 modified the screening 

parameter, Anholt^ derived a semi-empirical method, while 
2 ̂  

Brandt and Lapicki J proposed a method to modify the 

velocity dependent parameter rj ̂ , 

11 i - - f a + 1 - Iyi) %+ y± 'i « (II-27) 

pj 

where iik(£^) is a relativistic correction factor 

(equivalent to the relativistic mass) derived by Brandt and 
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• 23 
Lapicki based upon a fitting parameter y^: 

= 0.40(Z21 / 1 3 7 )
2 y c i O i ) . (11-28) 

Correcting for relativistic effects in this manner has 

been shown to slightly increase the ionization cross section 

for low velocity interactions.^ 

Modification to Electron Capture Cross Section 

Modification of the Electron Capture (EC) contribution 

to the total ionization was studied by Lapicki and 

25 

McDaniel in 1980. The corrections for the polarization 

and binding effects are incorporated into the EC theory of 

OBKN by modifying the screening parameter as in the PWBA or 

PSS theories. The 0^ parameter is changed to be as 

defined by Equation 11—22. Likewise the Coulomb deflection 

correction is incorporated by the multiplicative factor of 

11-24. The reason for expressing the electron capture 

contribution in PWBA-PSS formalism is now clear; the 

correction factors are easy to incorporate into this 

existing formalism. Finally, the relativistic modification 

to rip by defining the mass of the electron to be m? as in 

equation 11-27, is acceptable within certain limits ' 

described by Lapicki and McDaniel.25 The total 
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corrected cross section due to EC from the i t h s h e l l of the 

target to the shell of the projectile is 

•4-c~Pi5/ \ (ni ~0 oexH,, 

% ^ M ) . ( I I " 2 9 ) 



CHAPTER III 

EXPERIMENTAL PROCEDURE 

The experimental measurements associated with this 

work were performed using the 2.5 MV Van de Graaff 

accelerator in the Regional Nuclear Physics Laboratory at 

the North Texas State University (NTSU) Physics Department. 

The thin targets used in the experiment were prepared 

in the Sample Preparation room of the NTSU Physics Building. 

The ion sources used in the accelerator were assembled in 

the Ion Source Preparation room in the Physics Building. 

All ray production cross section measurements were 

determined by measuring the x-ray yield per scattered 

incident ion. For all the beams used, the cross sections 

were measured as functions of the ion beam energy and 

target atomic number. For the 9Be + beam, some target 

thickness dependence of the x-ray production cross sections 

were determined. 

Experimental Arrangement 

Ion beams of 9Be +, 1 2C +, 1 4N +, 2 7A1 +, and 4°Ar + were 

produced in the Van de Graaff accelerator at NTSU which was 

manufactured by High Voltage Engineering Corporation. The 

energies of the ions used in this study range from 0.5 to 

2.5 MeV. The "^N+ and ^Ar4" beams were produced by leaking 

24 
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small amounts of nitrogen or argon gas into the ion source 

bottle of the accelerator, ionizing the gas by a radio 

frequency (RF) exciter, and extracting the ions from the ion 

source into the accelerating tube by a variable (0 - 2700 

volts) high voltage DC power supply located in the terminal 

of the accelerator. Ion beams of beryllium were obtained by 

leaking small amounts of helium gas into the ion source 

bottle and accelerating the resultant ^He+ ions through the 

exit canal at the source bottle's base. By having the exit 

canal made from beryllium metal, atoms of the beryllium were 

sputtered from the canal and some were ionized in the +1 

state. These ions were then focused and accelerated into a 

usable beam. This method is similar to that reported by 

65 

Norbeck and York for their nuclear experiments except that 

we used boron nitride and quartz bushings and did not 

introduce any beryllium metal or beryllium oxide into the 

interior of the ion source bottle. Our method ultimately 

resulted in lower beam currents ( 2.0 nA) than those 

reported by Norbeck and York but this was enough beam for 

the atomic studies reported here. Similar arrangements were 

used to produce 2 7 A 1 + and 1 2 C + beams by using the 

appropriate metal for the ion source exit canal. 

This arrangement was suggested for the production of a 

boron beam, but since boron is very expensive and not an 

electrical conductor, a modification of the exit canal would 

be necessary. A small boron nitride tube was machined and 
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inserted into an outer sleeve made from aluminum. Boron 

nitride was used because of its availability and relative 

lack of expense. The aluminum sleeve was necessary since 

aluminum is an electrical conductor and it would allow the 

extraction field to be focussed into the canal. The 

extracted He ions would then sputter the canal material 

resulting in some boron ions being liberated for formation 

into an ion beam. 

The RF ion source used is diagrammed in Figure 1. The 

base of the source was secured to the terminal end of the 

accelerator tube of the Van de Graaff accelerator. The 

clamping flange secured the exit canal in place and insured 

that the exit canal was at the electrical potential of the 

base. The ion source bottle was attached to the ion source 

base by a pliant material such as vinyl which makes an 

excellent high vacuum seal yet, as the source heated up, it 

allowed the bottle and base to expand at different rates 

without compromising the integrity of the vacuum seal. The 

probe was the point at which the extraction potential was 

applied. The voltage ranged from 0 to +2700 volts relative 

to the ion source base. The exit canals used for the Be, 

Al, and C beams were constructed with typical dimensions 

shown in Figure 2. The boron nitride exit canal (diagrammed 

in Figure 3) has been constructed but as of yet has not been 

tested. 
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Figure 1. Radio Frequency Exciter Ion Source for 
2.5 MV Van de Graaff Accelerator 
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Figure 2. Typical Beryllium Exit Canal for the 
RF Ion Source 



.180 ± .003 

.500 i .005 

I 
.250 ± .005 

i J 
.030 ± .003 



31 

Figure 3. Boron Nitride Exit Canal 
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Figure 4 diagrams the accelerator and the beam line 

used for these measurements. A four-inch CVC diffusion pump 

system on the accelerator maintained a pressure of 5.0 x 10"^ 

torr at the base of the accelerator. The High Voltage 

Engineering bending magnet (mass-energy product of 500), 

used for mass-energy analysis of the resultant beam, was 

maintained at a similar vacuum pressure by a six-inch CVC 

diffusion pump system. The beam was directed by the bending 

magnet into the 15° right beam line which was kept at a 

vacuum less than 1.0 x 10~6 torr by another CVC four-inch 

diffusion pump. 

The beam was re-focussed in the 15° right beam line by 

a pairs of electrostatic quadrapole focussing lenses. Four 

pairs of electromagnetic steering coils then directed the 

beam through the energy control slits and a dual system of 

collimators into the scattering chamber. The steering 

magnets were separated by about one meter of flight path. 

The resultant beam was collimated in two stages. The first 

pair of collimators encountered were 2 mm diameter holes 

cut in carbon plates separated by 42 cm with the final 

collimator about 48 cm. from the front of the scattering 

chamber. Further collimation was effected by a pair of 

carbon plates with 1 mm diameter holes separated by 6.4 cm 

and located at the entrance to the target chamber. 

The scattering chamber (Figure 5) used in this 

experiment was constructed of aluminum and allowed 24 
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Figure 4. Experimental Arrangement Showing Accelerator 
and Associated Equipment for Beam 
Generation and Alignment 
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Figure 5. Scattering Chamber Showing Detector 
Arrangement 
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different targets to be loaded at any one time. Any 

particular target in the chamber could be rotated into 

position on the beam axis for analysis at any particular 

time. The 1 mm. collimators are shown at the entrance to 

the chamber. Three silicon surface barrier particle 

detectors were mounted at backscattered angles of 135°, 

150°, and 160° with respect to the forward direction of the 

beam. Most of the measurements for this study were 

performed using the 160° detector since this gave better 

scattered energy separation between the peaks in the 

resultant particle spectrum. The Ortec 7000 series Si(Li) 

detector system, used to analyze the resultant x-rays from 

the target, was located below the target at 90° with respect 

to the forward direction. This detector was placed 4.73 cm. 

from the beam spot of the target. The target was positioned 

at a 45° angle with respect to the beam. There was a 

7.62 ym thick Be window on the Si(Li) detector and a 3.81 ym 

Mylar (ciqH8^4^X film was stretched across a 4 mm. diameter 

nylon apperature on top of the detector. This Mylar film 

reduced the low energy x-rays and Bremsstrahlung thus 

reducing the dead time in the electronics. The Mylar also 

prevented scattered ions from penetrating to the active 

region of the Si(Li) detector. 

Figure 6 shows the target arrangement, detectors, and 

electronics used in this work. The 160° silicon surface 
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Figure 6. Experimental Electronics System for Signal 
Analysis 
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particle detector was energy calibrated for alpha particles 

244 

using a Cm alpha particle standard (E* = 5.805 MeV) and a 

linear Ortec 419 Precision Pulse Generator. The detector 

solid angle was measured to be 7.454 x 10~^ Sr using the 
244 

calibrated Cm standard. The Full Width at Half Maximum 
(FWHM) resolution of the particle detector and electronics 

2 2i ii 

was determined to be ~20 keV for the Cm alpha standard 

and 14.0 keV for the pulse generator peak. An Ortec 142-A 

Pre-Amp1 ifier and an Ortec 572 Amplifier prepared the 

particle energy signal for analysis by Analog-Digital 

Converter (ADC) number one of an Ortec 7050 Multichannel 

Analyzer System. Typical particle spectra are shown in 

Figure s 7 and 8. 

The x-ray spectra were obtained using an Ortec 7000 

series Si(Li) detector with an Ortec 117 —B Pre-Amplifier. 

These signals were then amplified by an Ortec 739 Amplifier 

and fed into the second ADC of the Ortec 7050 analyzer. The 

pulse generator used in the x-ray energy analysis system was 

an Ortec 731-A X-ray Energy Identifier. The resolution of 

the Si(Li) detector system is ~170 eV at the 5.90 keV x-ray 
55 

of manganese from a Fe radioactive source. A sample x-ray 

spectrum with the associated particle spectrum is shown-in 

Figure 8. Both particle and x-ray spectra were stored on 

RL01 data disks which were controlled by an Ortec 1150 

computer with an RSX-11M operating system. 

The incident beam, which passed through the target 
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Figure 7. Typical Charged Particle Backscatter 
Spectra for 1.0 and 2.5 MeV Be+ Ions 
on a Potassium Bromide Target 
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Figure 8. Typical Simultaneously Measured Charged 
Particle and X-ray Spectra for 1.5 MeV 
Be Ions upon a Potassium Bromide 
Target 
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undeflected, was collected in a Faraday cup with a -90 volt 

electron supressor ring. The collected charge was then 

passed to a current integrator. Both ADC inputs were gated 

to start and stop analysis simultaneously with a signal from 

the current integrator. 

Si(Li) Detector Efficiency Determination 

In order to measure the absolute x-ray production cross 

section of an ion-atom collision, the Si(Li) detector must 

not only be energy calibrated but also its x-ray efficiency 

(which is energy dependent) must be determined. The 

absolute efficiency (ev) of a Si(Li) detector system for a 

particular energy x-ray is measured by evaluating the ratio 

of the number of x-rays detected at that energy per number 

of such x-rays emitted by the source. This efficiency 

depends upon two factors: the geometrical arrangement of 

the detector (G) and the intrinsic peak efficiency (e ) of 
px 

the detector arrangement. The relationship is 

Sc -G v = (ir) V (III-1) 

The geometrical factor is dependent upon the solid angle, ft, 

subtended by the detector active area: 

fl = 2tt (l - J (III-2) 

\ (d2 + a2) ) 

where d is the distance between the source and the detector 

face and a is the radius of the detector active area. For 
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d » a , then 

2 
IT A 

n * " d ^ (111 —3) 

To experimentally determine e for the Si(Li) detector at 
px 

different x-ray energies, one generally measurese and then 
X 

determines G and calculates the intrinsic efficiency. Since 

is the desired factor, then directly measuring this 

quantity will satisfy the requirements for this study. 

The most common method for measuring the absolute 

efficiency for a Si(Li) detector is to measure the number of 

photons detected per those emitted by an isotropic standard 

radioactive source in a known geometry. This method is not 

suitable for x-rays whose energies lies below 5 keV for two 

reasons: (1) few reliable radioactive standards exist in 

this energy range and (2) self absorption of the x-rays in 

the source increases the uncertainty in the actual number of 

emitted photons. Since the energies of the x-ray.s in this 

study range between 0.67 keV and 3.5 keV, an alternate 

method of determining e was needed. 
X 

Thin targets of gf, ^Na, .^Mg, 13^^"' 16^' 17^^"' 

19K' 20 C a' 23V' 25 M n' a n d 29 C u w e r e prepared and loaded into 

the target chamber described earlier. Ion beams of !JH+ and 

4 + 

2He were used to measure the K-shell x-ray yield per inci-

dent ion of these targets. By using known values of the x-

ray production cross sections from previously measured x-ray 
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production cross sections tabulated by Gardner and Gray^ or 

evaluated by the CPSS theory of Basbas^' ^3,20,21 w j ^ 

r r 

the single hole fluorescence yields of Bambynek , the 

absolute efficiencies can be calculated within the 

uncertainties of the CPSS theory which have been shown to be 
6768 4 + 

small. ' Incident £He+ beams were used on all targets 

but ^H+ beams were used only on the K, V, and Mn targets. 

For very low Z 2 targets, the particle spectrum is misleading 

and difficult to interpret for incident protons since not 

only is there Rutherford elastic scattering occuring at 

these energies but also nuclear interactions as well. At 

160°, all scattering of incident jjHe+ is Rutherford in 

nature to within a few percent. 

The experimental efficiency of the i t h x-ray is given 

c _ Y x i C x 

where Y x i and Y R are the K-shell x-ray photopeak and 

particle detector yields, tx and t R are the dead-time 

corrections to the appropriate detectors, Aft is the particle 

detector solid angle, a is the K-shell x-ray production 
X 

Qr 

cross section from Gardner and Gray or the CPSS 

20 21 

theory ' for the particular ion and energy used, is 

the correction to the x-ray and particle yields due to the 

target thickness, and (daR/dfl) is the differential 

Rutherford scattering cross section for scattering angle 

160° and incident energy of E^. Table I lists the 
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TABLE I 

EXPERIMENTAL EFFICIENCY MEASUREMENTS 

K-shell 
Element X-ray Energy Efficiency Uncert 

9 f 0.677 1.32 X 10-6 
74* 

11Na 1.041 6.50 X 10"5 
36% 

12Mg 1.254 1.44 X 10~4 
hH% 

13A1 1.487 4.33 X 10-i| 36% 

1l|Si 1.740 5.18 X 10"2* 31% 

16s 2.308 3.63 X 10-li 21% 

i—1 
O
 C— 2.622 5.10 X 10-* 21% 

1 9 k 3.313 5.90 X 10"21 11% 

20 C a 3.691 5.64 X 10-21 15% 

23V 4.952 5.52 X 10"" 60% 

2 5Mn 5.898 8.56 X 10"4 
41$ 

2g Cu 8.047 8.31 X 1 0"^ 21% 



50 

experimentally determined efficiency values. 

The theoretical efficiency curve is determined by cal-

culating the photon attenuation of the x-rays through the 

various layers of materials that lie between the target and 

the Si(Li) detector active regions. These layers are com-

prised of a Mylar film (3.81 ym), a beryllium entrance 

window (7.62 ym), a gold contact layer (0.02 ym), and a 

silicon dead layer (0.5 ym). The efficiency is then 

calculated by the attenuation law: 

£x = eo e xP ("? ^jaj) (III-5) 

where y. is the mass attenuation coefficient for the 

layer of material which has a thickness of a.. The factor 
J 

eQ is the efficiency of the silicon active region in the 

absence of any attenuation and includes the solid angle 

subtended. The theoretical values are normalized to a 

theoretical efficiency for silicon K-shell x-rays which 

allow the best fit to the experimental points of Table I. 

The best normalization point is e„. = 4.60 x 10^ with an 
o 1 

attenuation factor of 0.5775. This lies within the 15$ 

error bars of the experimental silicon efficiency point.' 

The active region efficiency is then e Q = 7.96 x 10^ and 

thus the other absolute points can be determined by: 

£ = (7.96 x 10 exp(-E y.a.) . (III-6) 
X j 3 J 
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Figure 9 shows the best fit theoretical efficiency curve 

with the associated experimental points. 

Particle Detector Calibration 
and Pulse Height Defect 

The particle detector which was used to detect the 

Rutherford scattered ions was a B-series EG&G Ortec charged 

particle detector. This detector is a surface-barrier diode 

made with high purity single-crystal silicon. Figure 10 

illustrates the typical design of this kind of EG&G Ortec 

detector. As the charged particle enters the active region 

of the detector, it loses energy by Coulomb interactions 

with the nuclei and electrons of the silicon wafer 

material. The interactions with the electrons result in the 

creation of electron-hole pairs. These charge pairs are 

swept apart by the electric field (from the applied bias 

voltage), and the electron signal is collected at the 

positive back aluminum electrode then transmitted, through 

the electronics described earlier. The amplitude of the 

resulting electron signal is proportional to the total 

energy deposited in the detector material by the collisions 

between the incident charged particle and the electrons in 

the silicon active layer. All of the energy deposited in 

the detector by collisions between the charged particle- and 

the silicon nuclei is lost to this signal development 

process. The mechanism described here is valid for all 
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Figure 9. Efficiency for the Si(Li) X-ray 
Detector Showing Experimentally Measured 
Values with a Theoretical Fit. 
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Figure 10. Typical B-Series EG&G Ortec Charged 
Particle Detector 
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incident projectiles (protons, alphas, and "heavy ions"). 

There are, however, other interactions in the detector which 

become important for heavy particles but which have 

negligible effects for "light ion" s p e c t r o s c o p y . ^ 1 These 

effects include (i) the entrance window loss effect, (ii) 

the nuclear collision effect, (iii) plasma formation 

effects, (iv) channeling effect, and (v) radiation damage 

effects. These effects yield a different pulse amplitude 

than normally expected and the cumulative effect is 

therefore termed the "pulse height defect." 

When a charged particle passes through matter, it 

looses energy. Therefore when the incident particle enters 

the detector, energy is lost in the gold entrance window. 

This reduces the total amount of energy available for 

deposition in the active layer which in turn results in a 

downward shift in the energy of the photopeak. This effect 

is greater for high Z ions as compared to low Z ions. 

Table II lists the energy lost in the gold entrance window 

of the detector used in our experiment for a 2.0 MeV 

incident particle. The manufacturer calibrated the gold 

p 

thickness to be 40 yg/cm and the stopping powers came from 

Northc 1 iffe and Schilling. 6 9 This effect will also 

contribute to the degradation of the detector resolution 

because of the statistical fluctuations in the energy loss. 

Since the energy transferred from the incident particle 

to the nuclei of the detector material is lost to the 
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TABLE II 

ENERGY LOST BY 2.0 MeV ION IN 40 yg/cm2 

GOLD ENTRANCE WINDOW OF CHARGED 
PARTICLE DETECTOR 

Stopping Power^9 
ION (keV/mg/cm—) Total Energy Lost (keV) 

]H 0.046 1.840 

|tie 0.322 12.88 

§Be 0.833 33.32 

1?C 1.224 48.96 

14 
7 N 1.372 54.88 

1.425 57.00 

i}§Ar 1 .377 55.08 
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mechanism of electron-hole pair pulse generation, and since 

the probability of a nuclear interaction increases with 

decreasing particle velocity, then, for incident particles 

with the same energy, the heavier ion will lose more energy 

to the nuclear interactions. This difference can be 

significant at high energies and for very heavy ions. A 

heavy ion can lose about 5% of its energy in this process 

while an alpha particle at the same energy will lose less 

than 0.1$.70 

When a charged particle enters a detector the created 

electron-hole pairs form a plasma cloud. This cloud is 

normally swept apart by the applied electric field. When 

heavy ions enter a detector, the resulting plasma cloud is 

so dense that the applied bias field cannot penetrate it 

until the cloud becomes sufficiently dispersed by diffusion. 

This plasma effect has several interesting results. One 

result is the time delay which is generated between the 

creation of the charge pairs and the beginning of the rise 

70 72 71 

of the detector pulse. " The rise time of the signal 

also slows down thus increasing the pulse width.70*72,73 

These two effects of the dense plasma cloud lead to poorer 

resolution for energy determination. Finally, since the 

bias field cannot immediately penetrate the plasma cloud, 

recombination of the charge carriers o c c u r s . > 7 ^ , 7 5 

consequence of this recombination is a net loss in signal 
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charge carriers and thus a smaller pulse height. 

This particular plasma effect is probably the most 

dominant effect experienced in the measurements reported in 

this dissertation. This effect is very difficult to 

quantify since there is a large dependence upon the applied 

electric field, the mobility of the charge carriers, and the 

71 

lifetimes of the carriers in the detector crystal. All 

these plasma effects will decrease with an increase in the 

applied bias voltage (increase in the electric field). With 

a larger electric field, however, charge multiplication 

effects may cause more problems. A large increase in the 

electric field may cause electron tunneling which will 

result in an increase in the leakage current, large signal 
70 

pulses, high energy tailing, and poor energy resolution. 

This charge multiplication effect will also lead to detector 

degradation. The detector used in our experiment had an 
4 

applied bias field of 10 volts/cm which is the recommended 
70 

value for particle energy spectroscopy. 

If a charged particle enters a crystalline solid (such 

as silicon) along a crystallographic axis, it can be 

"channeled" along this axis by the surrounding atoms in the 

crystal lattice. This results in fewer ion-electron -

collisions per unit length, thus increasing the particle's 

range. Likewise, nuclear collisions are also reduced in 

total number. The net consequences of this are better 

resolution, less dense plasma cloud, and a lower 
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recombination rate."^ To obtain significant channeling, the 

particle must enter the detector within 0.5° of the chosen 

crystalline axis. The B-series detector is cut off-axis to 

minimize this ion channeling. This insures that light ions 

(protons, etc.) will come to rest and deposit all their 

energy in the active region of the detector. Since there is 

very little capability to precisely orient the detector to 

maximize channeling, this effect would be of little use in 

this experiment, anyway. 

As the incident charged particle loses energy in the 

detector, some change in crystal parameters will take place. 

Some of these crystallographic changes may result in lattice 

site defects (vacancies and interstitials). These radiation 

defects are electrically active and consequently cause local 

variations in the bias field. These variations can result 

in recombination or charge carrier trapping thus reducing 

70 

the net pulse height. The most detrimental consequence of 

the deep electrically active defects is an increase in the 

detector leakage current which degrades resolution and 
70 

eventually renders the detector useless. 

All the phenomena described above, which lead to a 

reduction in pulse amplitude, are collectively termed the 

"pulse height defect." This change in amplitude 

necessitates calibrating the particle detector for all 

particles incident upon the detector. The alpha particle 
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o 2l 1 pil ll 

calibration was determined by placing a Am or Cm alpha 

source at the target position and examining the energy-

spectrum. By normalizing a pulse generator to the 

appropriate alpha energy peak, the lower energy calibration 

points were determined. This calibration was then confirmed 

by examining different energy alpha particles elastically 

scattered from selected targets. For heavy ions, the 

detector was calibrated by obtaining a specific energy 

heavy-ion beam and examining the energy distribution of the 

Rutherford scattered particles from specific thin targets. 

Using the appropriate kinematics, the actual scattered 

energies are known. 
Q 27 40 

Beams of Be, Al, and Ar were analyzed in this 

manner and the resultant calibration curves are shown in 

Figures 11 and 12. The data were fit with straight lines by 

a least squares method and the slope is given on the 

figures. The actual trend of the data is probably not 

linear but this assumption is adequate for our purpose which 

was to identify particular scattered particle peaks. Notice 

that the slope of the calibration curves increase with 

increasing incident projectile mass. This trend plus the 

slight increase in the full width at half maximum confirms 

that the resolution for heavy-ion spectroscopy is poorer 

than that for the light projectiles. The 160° detector was 

utilized for the beryllium, nitrogen, and carbon ion data 

while the aluminum and argon ion data were taken using the 
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Figure 11. Calibration Curve for Charged Particle 
Detector Showing the Pulse Height 
Defect for A 1 + and Ar + Ions 
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Figure 12. Calibration Curve for Charged Particle 
Detector Showing Pulse Height Defect 
for Be+ Ions 
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150° detector. 

Targets and Their Preparation 

The energy range for the x-rays studied in this report 

is from 0.6 to 4.0 keV. For the study of the L- and M-shell 

x-rays in this range, certain contamination problems had to 

be minimized. Low atomic number (Z = 9 to 19) elements 

might be contaminating the carbon backings or the target 

elements themselves. The K-shell x-rays of these 

contaminants might make the analysis of the Si(Li) detector 

spectra more difficult. Care must be taken to prepare the 

targets by a method that insures low contamination. As it 

turns out, the K-shell x-ray production cross section drops 

so dramatically with increasing atomic number (See Results, 

Chapter V) that the only elements which presented a 

significant problem were Na, Mg, Al, and Si. By using 

stainless steel instruments and target frames, the aluminum 

contamination problem was very small. Sodium and magnesium 

were more difficult to eliminate as they are constituent 

ingredients of the parting agent (soap) used to aid in the 

removal of the carbon foil from the slides upon which they 

were made. Silicon contamination was a problem that could 

be minimized only to a certain point because of the silicon 

base diffusion and roughing pump oils used in the evaporator 

and the beam lines. A more thorough presentation of this 

53 54 
problem is presented in other papers. ' 
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The carbon support foils used to back the target 

elements of interest were purchased from Micromatter, Inc. 

2 

of Eastsound, Washington. The thickness ranged from 5yg/cm 

to 20 yg/cm2. The carbon was deposited and shipped on glass 

slides coated with a soap used as a parting agent. In our 

target processing room, these foils were separated from the 

slides by slowly immersing them in 60° to 75° ultra-pure 

water obtained from Dr. Bertagnelli of the NTSU Biochemistry 

Department. The foils were then transferred to another 

container of ultra-pure water and allowed to "soak" enabling 

the detergent residue left on the foil to dissolve into the 

water. The foils were then extracted from the water by 

lifting them out on their target frame holders. After 

drying for some time, the foils were examined for any 

contamination by mounting them in the target chamber 

described earlier and examining the contaminant x-rays 

resulting from proton beam bombardment. 

Those targets which showed little K-shell contamination 

were then placed in a VEECO VE-400 evaporation system with 

the appropriate target material placed in a tungsten evapo-

ration boat. The whole system was then slowly evacuated to 

2 x 10~7 torr. The boat was heated by an electrical current 

causing the evaporation of the target material. The targets 

were then removed from the evaporator and loaded into the 

beam line target chamber. These targets were scanned for 
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the appropriate x-rays and the target thicknesses were mea-

sured using 1.5 or 2.0 MeV ^He+ beam. Table III lists 

all the targets, their elemental thicknesses (at an angle of 

45° with respect to the beam), and the compounds evaporated 

on the carbon backings. The total uncertainties in the 

target thicknesses range from 5 - 9%, due mostly to counting 

statistics, solid angle uncertainty, beam energy uncertain-

ty, and the nonuniformity of the elemental target layer. 
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TABLE III 

Target Specifications 

K-shell Measurements 

Element Compound 

9F LiF 

NaCl 

A1 

Si 

Zn-,P 

11 

13 

14 

151 

17 

19 

Na 

A1 

Si 

CI 

K 

3^2 
NaCl 

KBr 

Thickness (ug/cnt ) 

12.6 

2.13 

7.85 

10.2 

12.6 

3.23 

19.7 

L-shell Measurements 

,Ni 28 

29 

30 

32 

33 

Cu 

Zn 

Ge 

As 

35Br 

40 
Zr 

.Pd 
46 

47A5 

Ni 

Cu 

Zn3
p2 

Ge 

As 

KBr 

Zr02 

Pd 

Ag 

4.8 * 

11.2 * 

31.0 

15.0 * 

7.34 

36.2 

13.6 

12.4 

31.0 
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TABLE III (Con1t) 

Target Specifications 

M-shell Measurements 
2 

Element Compound Thickness (pg/cm ) 

59Pr PrF3 15.0 * 

-nNd NdF-, 17.9 
60 3 

..Eu EuF-. 15.2 * 
63 J 

..Gd GdF, 20.4 
64 -5 

66
dY DYF3 13*° * 

67HO H0F3 14.5 

?1Lu LuF3 15.0 ** 

?2Hf Hf 14.2 * 

_.W W on ZrO_ 0.5 ** 
74 2 

_nAu Au 14.4 * 
/ y 

8 2 P b P b 5 * 8 1 

83Bi B i 4 , 3 5 

92U UF4 5.0 * 

* Average thickness of targets used. 

** Estimated but not measured. 



CHAPTER IV 

DATA REDUCTION AND ANALYSIS 

Electrical signals obtained from the simultaneous 

measurement of the scattered particles and the x-rays 

emitted in this experiment were processed by the Ortec 7050 

analyzer system and displayed in a histogram fashion with 

the number of counts per channel as a function of channel 

number. The resultant yields for photopeak x-rays, 

scattered particles, and pulse generator sums were extracted 

from the spectra. These yields were then used to calculate 

the probability for a particular ion-atom interaction 

resulting in the emission of a particular x-ray (x-ray 

production cross section). The process of spectral analysis 

and data reduction is outlined in this chapter. 

General X-ray Production Cross Section-

The experimental x-ray production cross section for the 

ninth x_ r ay determined by: 

(J. = ; Yin *» (IV-1) 

" <*$• No M £i 

where: 

Y . is the total yield under the i t h x-ray photopeak, 
X 1 
t is the dead time correction to the detector yield, 
x 

£>i is the efficiency of the Si(Li) detector for the i t h 

71 
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x-ray (including the solid angle subtended), 

2 
N q is the thickness of the target in atoms/cm , and 

N1 is the total number of particles incident upon the 

target. 

This calculation gives the x-ray production cross 

? t h. 
section in cm per incident particle for a particular (i ) 

x-ray. Measuring the target thickness and determining the 

total number of incident particles is difficult for heavy 

ions and introduces large uncertainties. The problems 

encountered, due to the accurate determination of N Q and N^, 

can be circumvented by simultaneously measuring the 

differential Rutherford scattering cross section. This is 

given by: 

^ °~R - Yft ** (IV-2) 

where: 

Yd is the total yield in the particle detector for 
n 

the scattering of the heavy ion from the target 

element of interest, 

t D is the dead time correction to the detector yield, 

aJI is the solid angle of the particle detector, 

2 

N q is the thickness of the target in atoms/cm , and 

N1 is the total number of particles incident upon the 

target. 
These two equations can be solved for N q and and 
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combined to give 

O"*; = k . <•« a Si i 5 s 

dfl. 
(IV-3) 

This simultaneous measurement eliminates the problem 

resulting from accurate determination of the heavy ion's 

exit charge state and the variations in the target 

thickness layers. The yields are computed from the spectra, 

the solid angle was measured by a calibrated alpha source 

(See Chapter III), and the efficiency was determined by a 

normalization process described in Chapter III. Only the 

differential Rutherford cross section remains as an unknown, 

but it can be calculated by using the theoretical 

approximation: 

,)'] JO", 
p- x!0 ba-rni/i rj 

z, Zi 
E , j 

(IV-4) 

where: 

is the atomic number of the incident ion,. 

Zg is the atomic number of the target atom, 

is the atomic mass number of the incident ion, 

is the atomic mass number of the target atom, 

E1 is the incident laboratory projectile energy, and 

© is the laboratory scattering angle measured with 

respect to the forward beam direction. 

When using this technique of simultaneous measurement, 

one assumes that only Rutherford scattering takes place 
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resulting in the Rutherford particle yield (YR) being 

proportional to the number of incident particles (N^). This 

assumption is true only if the ion beam incident energy is 

significantly below the Coulomb barrier for nuclear 

reactions. The smallest Coulomb barrier encountered in this 

work was 26 MeV for ^Be+ ions incident upon fluorine atoms. 

This is more than ten times the maximum energy studied 

here. Thus, the assumption that the nuclear-nuclear 

interactions are purely Rutherford in nature is good for all 

the data reported in this dissertation. 

Energy Loss Correction Factor 

As the projectile enters the target, it loses energy 

by interactions with the target atoms and electrons. 

Therefore, there is a difference in the projectile's energy 

at the front surface and at the back surface of the target. 

The x-ray production cross section has been found to depend 

heavily on the projectile e n e r g y . T h i s dependence can be 

expressed as Y ccCE..)"̂ , where s is the slope of the plot of 
X I 

the x-ray production cross section versus incident 

projectile energy. Therefore, as the projectile energy 
r j ^ 

decreases the yield will also decrease by: 

d £ _ r de, -(IV-5) 

Yx ~ 0 e, 
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The Rutherford scattering cross section is also energy 

dependent (See equation IV—4) and this, too, roust be 

considered. The energy dependence of the particle yield is 

Y n cC (E,)"
2. This yield, therefore, increases with 

R 1 

decreasing projectile energy as 

djj (IV-6) 

I T " ^ 

The total energy loss (E.L.) correction factor due to non-zero 

V 
target thickness has been evaluated to be 

E.L. Factor = 1 " ~ 
1 E. 

-(S-t-2.) 

(IV-7) 

where ZTI is the average energy lost by the projectile as it 

passes through the target material. It is given by 

a e 

where dE/dx is the stopping power for the incident ion in 

the target material at the incident energy, and ^t is the 

target thickness. For the work presented here, the targets 

are thin enough to insure that this correction factor 

remains small for all beryllium results. For example, with 

Be incident upon an aluminum target (7-85 yg/cm ) the 

correction factors range from 1.03 for 2.5 MeV to 1.08 for 

0.5 MeV. The total change is less than an 8$ increase in 
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the cross section. Since higher Z targets have a lower 

stopping power, the corrections to their cross sections 

would be even less. 

Correction Factor for Target 
Absorption of X-rays 

The x-rays generated in the target must penetrate some 

target material and the carbon foil backing in order to 

reach the Si(Li) x-ray detector (See figures 5 and 6). With 

non-zero thicknesses, these layers will attenuate the x—ray 

intensity. A procedure to account for this loss was 

21 
developed by Basbas, Brandt, and Laubert and is also 

77 

presented in the dissertation by Mehta. For self-

absorption (S.A.) in the target material, the resulting 

correction factor is written as: 

S.A. Factor = expC-Hill) (IV-9) 

h e t 

.th 
where is the absorption coefficient for the i x-ray in 

the target material, and £t is the thickness of the layer. 

The total correction remains less than 1.3$ for the 

absorption in the target material for the K-, L-, and M-

shell data. The absorption in the carbon remains less than 

1$ for all targets except for the fluorine K-shell data 

where the correction is as large as 3%• 

With all the appropriate correction terms, the final 

equation for data analysis becomes 
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C^{ ^i.aUxlO
3 bn/ir) 

Y. tx >Kl X 
ASI 

€xl 

z. z I *-x 
l. E, 

l - T 

-(S+A) 

s/'n 4(©A) 
1 - exp(-V-c?t) 

H;e t 

(IV-10) 

Total X-ray Production Cross Sections 

The x—rays being studied are very low in energy and 

thus have a small separation between the subshell energies. 

For the QF to 1 RP targets, the energy difference between the 
K-subshe 1 Is ( K = E ^ - E R^) is less than the detector x-

ray resolution. Multiple ionizations in the targets, in 

addition to its other effects, will broaden the K-shell x-ray 

peaks and thus the resolution of the Ko<. and peaks for ^ C l , 

K, and 9 nCa is impossible. In addition to the difficulty 
19 2u 

in determining the yields of the individual K-subshell 

lines, their associated efficiencies were also indeterminate. 

Choosing as the total efficiency that which is associated 

with the dominant x-ray line (K^), we have the best 

approximation for the actual detector efficiency. 

Therefore, the results listed are for total K-shell x-ray 

production cross sections. Using as the efficiency for 

the x-ray, equation IV-3 becomes: 
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^XK " ^XKac. + 
Y, Xkoi 

-Kot 

J. * X m ) t x / J o > ' 

Y« ^ ^ \ i S L 

(IV-11 ) 

Similarly, for the L-shell targets, these same problems 

arose. For 2 8 ^ targets, resolution of the L<x, L^, 

and the x-rays is impossible. Again, the efficiency of 

the dominant peak (L^) was chosen to be the efficiency of 
3 

the broad x-ray peak. Using 2 " ̂ xl ' e q u a t i o n I V _ 3 

becomes: 

3 

ex. = > crx,; ± ^ i S l ( i 5 ) (IV-12) 

*, £ u \JSI 1 

"XL xt-t 

i-i 

Again", the same problems exist for the M-shell targets. The 

efficiency is chosen to be the efficiency for the dominant 
s 

x-ray line (M^). Using 2 Xcmi' " » equation IV-3 
Ui 

becomes: 

\ • K m ^ ̂  1 / \ 
(T = 0" • = ' * —li- (IV-13) 

^ Y , t R 
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Spectrum Analysis 

To analyze a spectrum, it was necessary to estimate the 

background and subtract it from the total spectrum. This is 

true for both particle and x-ray spectra. The background 

was estimated and then fit by a least squares method with a 

second order polynomial. This process of background fitting 

and subtraction becomes very important for low ion beam energy 

particle spectra and high ion beam energy x-ray spectra. 

Low ion beam energy particle spectra show a smaller peak 

separation for the elements present in the target and might 

necessitate peak fitting or background subtraction. 

Figure 7 shows particle spectra for 1.0 and 2.5 MeV Be+ 

ions incident upon a KBr target. Notice that the dominant 

peaks (particles scattered from carbon, potassium, and 

bromine atoms in the target) have larger peak separations 

for the higher energy spectrum. 

High ion beam energy x-ray spectra show higher background 

levels which had to be subtracted. Most of this background 

came from contaminants present in the target material and 

the carbon foil backing. For the A1 and Ar data, there 

were aluminum and argon K-shell x-ray peaks present which 

also had to be subtracted as background in some cases. 

Figures 13, 1^> and 15 show low and high energy beryllium 

ion beam induced x-ray spectra for silicon (K-shell), copper 

(L-shell), and gold (M-shell) cross section analysis. 

Notice the increase in the background for the higher beam 
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Figure 13. K-shell X-ray Spectra for 1.0 (top) 
and 2.5 MeV (bottom) Be Ions on Silicon 
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Figure 14. L —shell X—ray Spectra, for 1.0 (top) 
and 2.5 MeV (bottom) Be Ions on Copper 
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Figure 15. M-shell X-ray Spectra for 1.0 (top) 
and 2.5 MeV (bottom) Be Ions on Gold 
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energy spectra which necessitates some kind of spectral 

subtraction. Figure 16 shows the x-ray spectrum for an A1 

ion beam incident upon a dysprosium target. The dominance 

of the A1 K-shell x-ray is apparent and requires some peak 

fitting method to extract reliable yields for the Dy x-ray 

peak. 

Error Analysis 

The experimental uncertainties may divided into two 

types, the relative experimental uncertainties between like 

data and the uncertainties involved in normalization of the 

data to absolute scales. The relative uncertainties are 

comprised of (i) uncertainties in counting statistics and 

background subtraction for x-ray and particle yields, also 

(ii) incident energy uncertainties due to mass-energy 

calibration of the bending magnet. The total relative 

uncertainties were calculated by standard methods derived 

from B e e r s . T h e standard deviation (S) in the net yield 

from the spectrum is given by 

SNet = * ® 2 

where G is the gross (total) number of counts in the peak 

and B is the background count subtracted from the peak. 

This resulted in the percent uncertainty in the yields as 

(Y~1 S ). where Y is the net yield. This percentage was 
v net 9 

then added in quadrature to the other percentage 



87 

Figure 16. M-shell X-ray Spectra forj.5 MeV Al + Ions 
on Gadolinium and Dysprosium 
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uncertainties to give the total relative uncertainty. 

The normalization uncertainties are comprised primarily 

of (i) efficiency uncertainties, (ii) uncertainty in the 

particle detector solid angle, and (iii) uncertainty in the 

particle detector angle. These percentage uncertainties 

were added in quadrature. The ranges of the experimental 

uncertainties involved with the measurements presented here 

are listed in Table IV. 
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CHAPTER V 

RESULTS AND DISCUSSION 

The results of this study are presented in four 

sections: (i) ^Be+ ion measurements, (ii) ^ A 1 + ion 

measurements, (iii) It0Ar+ ion measurements, and (iv) 

analysis and conclusion. In the first three sections of 

this chapter, the x-ray production cross section results are 

presented in tabular form (measured cross sections and 

ECPSSR predictions), plotted as a function of incident ion 

energy, and plotted as a function of target atomic numbers. 

The specific results of the calculations for both the First 

Born and ECPSSR theories are presented in Appendices A 

through F. In these appendices, x-ray production cross 

sections are listed under the column headings "XRAY PROD" or 

"X-RAY PRODUCTION." The total ionization cross sections 

are listed under the column headings "IONIZATION" or "DI + 

EC." The specific portion of the total ionization cross 

section due to direct ionization and electron capture are 

listed under the appropriate columns. The "C/I" column 

lists the ratios of the electron capture contribution- to the 

total ionization. All measurements were taken at NTSU as 

described in Chapter III and evaluated as described in 

Chapter IV. 
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^Be+ Data 

The measurements of the x-ray production cross sections 

by incident ^Be+ ions are presented here. The results are 

divided into three groups: (i) K-shell, (ii) L-shell, and 

(iii) M-shell measurements. 

K-shell Results 

The measured total K-shell x-ray production cross 

sections for ^Be+ ions incident upon ^F, ^Na, ^^kl, m^i, 

.,-P, .^Cl, and i nK are presented as a function of incident 
15 i / •y 

ion energy in Figures 17 and 18. The predictions of the 

First Born (broken line) and ECPSSR (solid line) theories 

are also presented in these figures. Table V lists the 

actual measured values and the associated predictions of the 

ECPSSR theory. Appendix A gives more detailed results of 

the theoretical prediction for both the First Born and 

ECPSSR formalisms. 

From Figures 17 and 18 certain trends can be observed: 

(i) the First Born theory greatly overpredicts the measured 

values, sometimes by as much as a factor of 25, while 

(ii) the ECPSSR theory has very good general agreement. 

There is a slight underprediction at low energies and 

overprediction at high energies for the ECPSSR. Figure 19 

displays the ECPSSR theory predictions and measured results 

as a function of target atomic number. The general trend 

indicated is that for heavier targets (higher atomic number) 
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Figure 17. Energy Dependence of the K-shell + 

X-ray Production Cross Section for Be 
Ions Incident upon Fluorine, Aluminum, 
Phosphorus and Potassium Targets 
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Figure 18. Energy Dependence of the K-shell 
X-ray Production Cross Section for Be 
Ions Incident upon Fluorine, Sodium, 
Silicon, and Chlorine Targets 
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Figure 19. Target Atomic Number Dependence of the 
K-shell X-ray Production Cross Section 
for Be+ Ions 
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there is better general agreement between the ECPSSR values 

and the measured results at all energies. This better 

agreement can be attributed to the entrance into the Z1 

Z 2 region of validity for the theory. 

Since the total ionization cross sections were 

converted to x-ray production cross sections using the 

single-hole fluorescence yields of Krause,"^ there are 

multiple ionization effects that were not taken into 

account. There are basically two effects: (i) the increase 

in binding energy causing an upward shift in x-ray energy 

resulting in higher Si(Li) detector efficiency in general 

and (ii) an increase in the fluorescence yields due to fewer 

electrons available for the non-radiative processes. These 

effects (if corrected for) would shift the theory 

predictions higher and result in better agreement at low 

beam energies. The resultant high energy discrepancy would 

be increased and its cause is still uncertain. At such low 

incident projectile velocities, the Coulomb deflection 

correction to the theories (which is substantial) may not 

accurately reflect the phenomenon (see Chapter III) and thus 

alter the results accordingly. Any changes in this factor 

would affect the low energy results more than those at 

higher energies. 
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L-shell Results 

The measured total L-shell x-ray production cross 

sections for ^Be+ incident upon ggCu, 22^e' 35®r' an<^ 

^QZr are presented as a function of incident ion energies in 

Figures 20 and 21. Also presented in these figures are the 

predictions of the First Born (broken line) and the ECPSSR 

(solid line) theories. Again, the First Born predictions 

significantly overestimate the actual measured values by a 

large factor, while the ECPSSR predictions underestimate but 

follow the general trend very well with better agreement at 

higher energies. The high energy agreement could be 

attributed to the nearness to the region of validity of 

higher velocity for the ECPSSR theory. 

Table VI presents the numerical predictions of the 

ECPSSR theory and the actual measured numbers. Figure 22 

presents the measured results and the ECPSSR predictions as 

a function of target atomic number. Again, for low energies 

the predictions fall significantly below the measured 

values, while higher energy results agree very well with 

theory. There does not appear to be a significant Z^ 

dependence other than a slightly more enhanced 

underprediction at higher Z 2 than lower Zg. This apparent 

effect, though, could be altered somewhat if corrections for 

multiple ionizations and changes in the Coulomb deflection 

factors are included. The correction for multiple 

ionization effects would raise the ECPSSR predictions 
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+ Figure 20. Energy Dependence of the L-shell 
X-ray Production Cross Section for Be 
Ions Incident upon Copper, Germanium, and 
Zirconium Targets 
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Figure 21. Energy Dependence of the L-shell + 

X-ray Production Cross Section for Be 
Ions Incident upon Zinc, Bromine, and 
Silver Targets 
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Figure 22. Target Atomic Number Dependence of the 
L-shell X-ray Production Cross Section 
for Be+ Ions 
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bringing them more in line with the measured values. Again, 

it is difficult to determine the effect of any Coulomb 

deflection change. 

M-shell Results 

The measured total M-shell x-ray production cross 

sections for ^Be+ ions incident upon thin ^ P r , ^ N d , 

66Dy, 6 7H O, 72Hf, 7i|W, 7 9 A U , &2Pb, and 8 3Bi are presented in 

Table VII along with the associated predictions of the 

ECPSSR theory. The results are also presented as a function 

of incident beam energy in Figures 23, 24, and 25 along with 

the predictions of both the ECPSSR (solid line) and the 

First Born (broken line) theories. Again, the First Born 

predictions overestimate the measured results while the 

ECPSSR values underestimate them. The low energy results 

show a significant discrepancy, while at high energy, the 

measured values and the ECPSSR predictions converge. Again, 

multiple ionization corrections will increase the theory 

estimates resulting in better agreement between the ECPSSR 

and measured values. Any Coulomb deflection factor 

corrections will affect the low energy results more than the 

high but it is still rather difficult to predict the exact 

e f fect. 

Figure 26 presents the measured values and the ECPSSR 

predictions as a function of target atomic number (Z2)« 

There is a significant discrepancy at low energy which 
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Figure 23. Energy Dependence of the M-shell 
X-ray Production Cross Section for Be 
Ions Incident upon Praseodymium, 
Dysprosium, Hafnium, and Bismuth 
Targets 
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Figure 24. Energy Dependence of the M-shell + 

X-ray Production Cross Section for Be 
Ions Incident upon Neodymium, Holmium, and 
Gold Targets 
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Figure 25. Energy Dependence of the M-shell + 

X-ray Production Cross Section for Be 
Ions Incident upon Europium, Tungsten, and 
Lead Targets 
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Figure 26. Target Atomic Number Dependence of the 
M-shell X-ray Production Cross Section 
for Be+ Ions 
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appears to be independent of Zg. The prediction of the 

ECPSSR theory does accurately predict the trend of the data 

as a function of the target atomic number. Although 

multiple ionization in K- and L-shells is very small, the 

probability for multiple ionization in the N- and higher 

shells is significantly greater. This will cause only a 

slight shift in the x-ray energy lines but a substantial 

change in the Coster-Kronig and Auger transition 

probabilities yielding an increased fluorescence yield. 

This increase could be substantial and account for much of 

the difference between the ECPSSR theory and the measured 

values. 

27ai+ data 

The x-ray production cross section measurements for 

incident ^ A l * ions is presented here. The results are 

presented in two groups: (i) L-shell results and (ii) M-

shell results. 

L-shell Results 

The measured total L-shell x-ray production cross 

sections for ^ A 1 + i°ns incident upon thin solid 28
N i> 

2gCu, 3 0Zn, 33AS, 4QZr, and ^ P d targets are presented in 

Table VIII. The predictions of the First Born and the 

ECPSSR theories are given in Appendix D. The measured 

results are presented as a function of incident beam energy 
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TABLE V I I r 

MEASURED L-SHELL X-RAY PRODUCTION CROSS SECT IONS(BARNS) FOR INCIDENT ^ A l + IONS 

BEAM ENERGY (MeV) 

T a r a e t 1 . 2 5 1 . 5 1 . 7 5 2 . 0 2 . 2 5 

2 8 N l 1 . 5 x 1 0 ^ 1 . 8 5 x 1 0 ^ 2 . 2 5 x 1 0 ^ 2 .45x10* * 2 . 3 1 x 1 0 ^ 

2 9 C U 1 . 0 3 x 1 0 ^ 1 .15x10 2 * 1 . 3 0 x 1 O 4 1 . 5 8 x 1 0 ^ 1 . 8 6 x 1 0 ^ 

3 0 Z n 8 . 3 7 x 1 O 3 1 . 0 2 x 1 0 ^ 1 . 1 1 x 1 0 ^ 1 . 4 0 x 1 0 ^ 1 . 6 4 x 1 0 ^ 

3 3 A s 4 . 7 4 x 1 0 3 7 . 2 9 x 1 O 3 7 . 8 7 x 1 0 3 9 . 4 9 x 1 O 3 8 . 9 7 x l 0 3 

4 o Z r 5 . 1 9 x 1 0 2 6 . 3 0 x 1 0 2 9 . 1 7 x 1 0 2 o CM 

CM 1 . 3 8 x 1 0 ^ 

4 6 p d 9 . 6 1 x 1 0 ° 1 . 3 9 x 1 0 1 1 . 4 2 x 1 0 1 6 . 8 4 x 1 0 1 1 . 4 9 x 1 0 2 
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in Figures 27 and 28. The predictions of the theories are 

not shown in the figures because of the substantial 

differences involved (see Appendix D). The theories do not 

predict the data very well anywhere nor should they be 

expected to since the measurements are at an incident 

velocity which is very much lower than the limits for 

either the ECPSSR or the First Born theories. The only 

prediction of the theories which tends to be supported is 

that the measured results should increase with increasing 

energy although the rate of increase is not even properly 

predicted. 

Figure 29 shows the L-shell x-ray production cross 

sections as a function of for a typical beam energy of 

1.5 MeV. The First Born theory is also presented to show 

how much in error the theories are. The ECPSSR theory is 

q 

another factor of 10 to 10 below the First Born. Again, 

no correlation between data and theory can be drawn except 

that the theories predict a decrease in the cross section as 

Z 2 increases although the rate of decrease is not accurately 

predicted. The results demonstrate that the ECPSSR and 

First Born theories need substantial revisions in order to 

extend their range to such low (V-]< 0.01 V g) velocities. 

M-she11 Results 

The total measured M-shell x-ray production cross 

sections for ^ A l + ions incident upon thin solid 60^' 

,5 
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Figure 27* Energy Dependence of the L-shell 
X-ray Production Cross Section for Al+ 

Ions Incident upon Nickel, Zinc, and 
Zirconium Targets 
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Figure 28. Energy Dependence of the L-shell 
X-ray Production Cross Section for Al + 

Ions Incident upon Copper, Arsenic, and 
Palladium Targets 
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Figure 29. Target Atomic Number Dependence of the 
L-shell X-ray Production Cross Section 
for Al+ Ions 
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64Gd, 66Dy, ? 1Lu, ? 2Hf, 7 9Au, g2Pb, g3Bi, and g 2U targets 

are presented in Table IX. The predictions of the First 

Born and ECPSSR theories are listed in Appendix E. The 

measured results and the First Born prediction are presented 

as a function of incident ion energy in figures 30, 31 and 

32. Again, the theories do not predict the data very well. 

3 11 

The ECPSSR predictions are even factors of 10 to 10 below 

the First Born. The trends or shapes of the curve do not 

predict the measured results for the lower Z 2 targets. The 

shapes of the curves begin to reflect the shapes predicted 

by the theory for higher Z 2 (Au, Pb, Bi, and U) with U being 

predicted rather well by the First Born. This trend is 

somewhat puzzling since, although there is an expectation 

that the theories should fit better at lower Z_1/Z2 ratios, 

the ECPSSR theory has its greatest discrepancy (especially 

for low energy) here than at the lower Z 2 targets. Since 

the First Born and ECPSSR are similar in their initial 

assumptions, one must conclude that the problem lies in the 

Coulomb deflection term for low energy corrections which the 

First Born does not include. This correction term appears 

to reduce the cross-section by too large an amount and may 

need some revisions in this regard. 

Figure 33 shows the M-shell x-ray production cross 

sections as a function of incident target atomic number. 

(Z2), the results of which are similar to that for the L-

shell in Figure 29. Again, the only correlation between 
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Figure 30. Energy Dependence of the M-shell + 

X-ray Production Cross Section for A1 
Ions Incident upon Praseodymium, 
Dysprosium, Gold, and Uranium Targets 



105 

a M X ( b ) 

0.5 1.0 1.5 2.0 2.5 

BEAM ENERGY (MeV) 



132 

Figure 31. Energy Dependence of the M-shell 
X-ray Production Cross Section for A1 
Ions Incident upon Neodymium, Lutetium, 
and Lead Targets 
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Figure 32. Energy Dependence of the M-shell 
X-ray Production Cross Section for A1 
Ions Incident upon Gadolinium, Hafnium, 
and Bismuth Targets 
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Figure 33. Target Atomic Number Dependence of the 
M-shell X-ray Production Cross Sections 
for A1 + Ions 
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data and the theories is the general trend to lower cross 

section for higher Z 2 but the rate of decrease is in error. 

Again, the better agreement is being predicted for higher Z 2 

than lower, but only for the First Born (also see Appendix 

E) . 

Ar Data 

40 + 

The x-ray production cross section for incident -jgAr 

ions are presented here. Only M-shell results were examined 

as the backscatter spectrum was difficult to analyze for any 

lower Z ? targets. 

M-shell Results 

The measured M-shell x-ray production cross sections 

for ,lt0Ar+ ions incident upon thin solid 59?^, 60Nd' 64Gd' 

ggDy, 7 1LU, 7 2Hf, ygAu, g 2
P b> a n d 92° t a r S e t s a r e presented 

in Table X and shown as a function of incident ion energy in 

Figures 34, 35 and 36. The theories were so poor in their 

predictions that they are not shown in these figures but 

they are presented in Appendix F. The velocity ratio 

(v.,/v ) is very small and the results should not be expected 

to agree with either the First Born or ECPSSR theories. The 

measured results are also presented as a function of target 

atomic number (Z2) in figure 37. Also shown are the 

predictions of the First Born theory. The ECPSSR theory 
1} 20 

underpredicts the data even more, by factors of 10 to 10 

Again, one of the main problems appears to be the 

Coulomb deflection factor of the ECPSSR theory. It may be 
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TABLE X 

40 + 
MEASURED M-SHELL X-RAY PRODUCTION CROSS SECTIONS (BARNS) FOR INCIDENT ^ A r IONS 

±8 

BEAM ENERGY (MeV) 

Target 1.0 1.25 1.5 1.75 2.0 

59Pr 5.12xl03 6.65xl03 1.28xl04 l.lOxlO5 

60Nd l.lOxlO4 1.29xl04 1.59xl04 2.04xl04 

6 4 ^ 
8.08xl03 8.31xl03 l.lOxlO4 1.36xl04 1.28xl04 

66°^ 7.82xl03 9.41xl03 l.OOxlO4 1.19xl04 1.32xl04 

71LU 4.71xl03 5.79xl03 9.OOxlO3 9.26xl03 1.30xl04 

72Hf • 
2.47xl03 4.32xl03 7.94xl03 7.32xl03 8.99xl03 

79AU 1.05xl03 1.85xl03 2.00xl03 2.89xl03 3.24xl03 

83Bl 2.41xl03 

92° 9.81X101 1.74xl02 3.49xl02 5.65xl02 8.98xl02 

81tk 

a 
1.01 x 10 I.I OrclO3 iSfx/o3 231 x'O3 
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Figure 34. Energy Dependence of the M-shell 
X-ray Production Cross Section for Ar 
Ions Incident upon Praseodymium, 
Dysprosium, and Gold Targets 
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Figure 35. Energy Dependence of the M-shell 
X-ray Production Cross Section for Ar 
Ions Incident upon Neodymium, Lutetium, 
and Lead Targets 
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Figure 36. Energy Dependence of the M-shell 
X-ray Production Cross Section for Ar 
Ions Incident upon Gadolinium, Hafnium, 
and Uranium Targets 
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Figure 37. Target Atomic Number Dependence of the 
M-shell X-ray Production Cross Section 
for Ar+ Ions 
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that this factor overestimates the reduction in the cross 

section due to the trajectory deflection of the incident 

ions. 

ANALYSIS AND CONCLUSION 

It is clear that for larger incident ions (i.e. slower 

projectile velocities) there is an ever increasing 

discrepancy between the measured results and theoretical 

predictions. The small discrepancy with Be ions can be 

attributed to the fluorescence yield change due to multiple 

ionizations of the outer electron shells of the target. 

Recently G. Lapicki et. a_l.40 have proposed that this effect 

can be quantified for very light ions by a semi—empirical 

formula 

(4 = CJJ (V-1) 

where U s is the net fluorescence yield including multiple 

ionziation effects, CJj is the single hole fluorescence 

yield, and £ is an adjustable parameter. This does explain 

some discrepancies for 1H + and ^He+ ions but for higher Z y 

there are some specific restrictions limiting the correction 

to higher velocities.110 The correction factor to CJ° was 

derived assuming that the outer shell electrons could be 

approximated as a single "collective state." Then assuming 

high projectile velocities and some "remnants" of J. J. 

Thomson's"^9 "plum-cake" theory for atomic structure, the 
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above equation was derived. The high projectile velocity 

dependence comes from Thomson's assumption of zero net 

target electron velocity. The effect of the above 

correction would be to cause an increase in the theory 

predictions for slower incident ions and could thus account 

for some of the discrepancy in the Be results. 

For the 2 7 A 1 + and 4 0Ar + measurements, the discrepancy 

cannot be entirely accounted for by the fluorescence yields 

change. While a significant portion of the difference may 

be due to this effect, most of the discrepancy could 

probably be attributed to problems with the Coulomb 

deflection correction factor or the calculation of the 

electron capture contribution. This seems obvious since the 

theoretical predictions without the corrections (PWBA plus 

OBKN) are orders of magnitude different than that with the 

corrections (ECPSSR) and that the total ionization cross 

sections predicted by the ECPSSR theory are less than the 

measured x-ray production cross sections. 

Further work is necessary to understand the processes 

involved at low velocity ion-atom collisions. More fluores-

cence yield measurements need to be made (preferably with 

• gas targets) to see if equation V—1 is a sufficient 

generalized form to correct the single hole to the highly 

ionized outer shell fluorescence yields. To investigate the 

Coulomb deflection factor, further measurements need to be 
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taken where the ratios of the cross sections for two 

identical Z1 ions but different atomic masses are examined. 

All corrections due to energy loss, perturbed wave-

functions, and relativistic factors are nearly the same 

while the Coulomb deflection factor should be the only 

2.fference in the data. Examining these ratios would give 

some insight into the behavior of this factor. Good candi-

10 11 12 

dates for this investigation would be B and B, C and 

13C, and 160, 1 70, and l 80 on very thin solid or gas 

targets. 

One other possible source for the large cross section 

measurements as compared to the ECPSSR theory is that the 

Electron Capture contribution may actually be larger than 

that predicted by the theory. The EC contribution should be 

large-at low velocities but the theory may still be under-

predicting the actual amount. This possibility must be 

seriously examined since it is observed that numerous K-

shell vacancies are generated in the incident aluminum and 

argon ions (for example, see Figure 16). Large numbers of 

K-shell vacancies in the projectiles will enhance electron 

capture (see references 25, 46, 80, 81, and 82) and then 

contribute greatly to the total ionization of the target. 

It may be necessary to abandon a Born approximation techni-

que used for the OBKN calculation with associated correc-

tions and adopt a different theoretical approach to explain 

electron capture for such low velocities as used in this 
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work. It would be interesting to see the prediction of the 

Molecular Orbital theory for this velocity range and compare 

to the data and the ECPSSR predictions. 

SUMMARY 

Overall, the ECPSSR theory does adequately predict the 

behavior of the ion-atom cross sections for low energy (0.5 

to 2.5 MeV) ^Be+ ions for the K-, L-, and M-shell x-rays 

whose energies lie between 0.65 and 3-5 keV. Any deviations 

from the measurements may be due to multiple ionization 

effects or projectile charge state uncertainties. The 

27 + 
ECPSSR theory currently breaks down at higher ions (-13AI 

and ^Ar"1"). This is most likely due to inaccuracies in the 
18 

Coulomb deflection correction factor with some contribution 

to the error from the multiple ionization effects of the 

target atom. There may also be an unaccounted for enhance-

ment of the electron capture process. 



APPENDIX A 

Theoretical K-shell ionization and x-ray production 

cross sections for incident §Be+ ions upon F, Na, Al, Si, P, 

CI, and K. 

152 



153 

v C ' < T K i m c c 

' X l i C " 0 ^ - *•*•& — 
w » O t f l !••*• v C C - ^ O 

O i f i C r J D f U f U t r v ~ r e - ^ o 

f x r O O C * f * - C N 

~£ ^ G ^ C ^ i T . ^ 

x r - - = ? i T * y ~ ; L n C C L f t f * * -

r v - a - t f \ j • o • c • « 

« r u c r r u I T - • o ® >JD-

C T J « r - « r a «* — • i n o o c ? r — « 

* £ * C C T " * - ' - c C C D * n 

N C K T f u N T i . . D i n 0 » - * 

m c r m t n ^ 5 c c i n O I f i f U i T ! 

G O ^ T K i C i > « - 6 a - ^ 

o o - n j o ^ n j 

« — * 0 ^ • ^ o s * C Q C ^ 

C M T * o ^ o ; 

K i i n ' ^ i T » • C ; c : - A 2 ' 5 s - f \ ; 0 

« s r «-v£5^ 
• = r « • • • 

r — «» r - • O i « ?VL; • C O i C ^ v T . 

- ^ r - n ® c - ^ r n j G v ( V K i 

w O - t r n O i S 4 -

y v j ^ v £ 5 «r—i e - o C ^ h o % £ - 0 Q-W 
— i f d w ^ r m o r j * - a 

r c r j f \ J O c ^ o ZTCQ - t r j 

^ r u r - o C i C O — o t n 

,£?3 c * ^ r - D ^ 

e ^ c r I T f - ^ 2 r r o L H t O O ^ - J O i 

* T T f c ^ - ^ • J i n : = : ? ' — « i n 

\ J 
• x > » r ^ • m 

vILf*"*-
v * ; y > y~i • 

« C v l . X c c t r o % c 

• ^ ^ r ' o • i T l ? ^ «D =2> 

. - » C 3 > * v > r a v X 

C T * i r - w • r - . ^ 3 

L T ; ^ t r ^ <r~ipn i r ^ 

&if+% 

^ T t t l » 

< * - * n « f -

o • L H ® 

*#*t j**,. f>r? 
t^ o c o r » -

f L ' f U C - I T c 

f- ~ c: rv 
L H O O C F * 

o c a L n < ? - N 

L T c & G ^ A J <r-J<p-«i f U 4 5 

o ^ r - C ^ o - a c r ^ 

c D O ^ r i ^ - « - a c r f f U ! ^ -

• ? n • O « * T » K > • - • 

o « r j ® f > ^ . • i n r n 

t r ^ r u •CC- c C ' L ^ — w T : 

f V O , v ^ ^ cvn 
o c r u e ^ a s v ^ r u O I T i 

< n > r w r - C O ^ f O i 

£ V * - « t n - r : C : ? n r u e 

• - f« r» O J « 3 C 

— ^ c c - ~ C T - n . : c ? \ j C M T < 

' u J • i — r r c c ^ - N 1 ' f ^ . »i—* 

• - L T a > • ^ ? < • - : L H s C : 

> o r < r . C L T l C C T ^ -

C v i . r , * /-r-. r» , L T < r ^ 

yv-Z' K T ^ 

I I V- L n c r « c : : 

w r ^ t a 

> - ' J T m ^ - ^ « 
C D • U r j = r L T l • 

C " r ;,,; r — D 

T « - 4 • •—FiX 

r- zn c c r ^ C V ' C C * * r - C ^ c C - » £ • : N £ ) 

r - o - r : r - - X - 2 D C D ^ ? ^ i n n i C O D 

N?L r n r u ^ r : O s J D N T - ^ O ? ^ - r ^ r u o i r ^ 

•&t>- C O k O o c ^ W C 0 w * - « : ? n ^ -

i n ? ^ - tnt**. v C X , r - * Q " - •—' f t i J ~^f 
© • ^ n » - W « K r ? < n » c C - * L T t • v ^ 

c r ? - r ^ r u O *• O * - r * C D ® 

—* » o * r u • r j c - O t P - r u r -

^ c r - r?, c 3 r a m v C r ^ . O C h 

u i 

i J _ i 

1 ! r \ j o — v w W p j c r - g w p w . 0 L O 

< i c a » c c • ~ : C c c - i v s ^ 

•—n >—l ' O . O • ' - O A cj>n pn^> 
C _ » ~ x L C T ^ - n C 3 y 4 ^ 

c . — i r c r I T c C r - i n o c r C C 

r— -•—"0 r v . l \ i O W J o r u < K T - « c r -

iL-. 1 I L L i — : w - ^ r <Li.i J " ; • 

' - i - T " ? ^ r u v D * C T ^ L a 

* 5 
• — ; T > - X J • • ^ T ' « H I • H J C 

u . . - f — c r j — « c s > - » f ^ . N - e 

v i ® 

2 — x r a c r r u r u ^ r 

C H 

*-* • ^ 5 ; C • r "0 N O «—* 

r j ; i 'J*\ C O r u - r - * > -
cr- r - r - c r C : 

i l r u o L ^ - s D O 

• S i 'jp « n o 

r — i H e - m 

" r~~ - S j C h c r « - l 

^ r - - X c : r u " o 

i n ^ r a m o f O L I O J 

«^-» I I m . i r r - a i r ^ I I 
w • — n •»-». • r u O i • r j 

i l m 4 w o • c > • o » w~* • «-« • 

c N i U J < 

o o r u i m _ . 

O ^ O L f i r - ^ f U O K " ! 

« - * — * O i M K l r O LTi*—*• * T - f U 0 s v i > • - * c O 

i n * - * - o r a 

c c ^ KC in « > 

c O ^ » J l c / l ->3* sO1* 

s £ V & s c t T = * • » -

c c m * - ; 

• s C « • • • • 

«•—* < i j /*1 , L f ' <C*' 

L f l — « < r - « L f * O O J 

c x n - f > m > c k s 

o » - • r j s O t p r o 

c r r - n o n 

* * v o * i n - - « s e r a 

i f * • % c c n 

0 * r — 

* o e * - t n 

r u • * r # « - t 

^ o « - « 

0 s * « r * 

^ t * -

a * t c o 

i n * - * 

f - f U ^ 

* r u * T s O 

« ~ 4 * « r - S * C U • 

x C < X 

* ^ » T d w+TiJ r - J s O 

t r o win O NC — 
r j o •j*c> 
o i n v C r u c m 

« c m O - £ i D a s i . 

• e «* • # « r j * 

> £ 0 

r * ^ x « iT&+* 
? o r j i C M A b l c O O v D 

r - ^ r L H c r * O J D CQ 
n i r u m r - ^ r ^ r O — 

g s ^ o m » - 4 ( ^ 

^ r > o * - 4 

o* €> ^ r 

c c w t r 1 : 

r u - o ^ d r y> 
i n r u 

C M a * 

^ 3 f «> i n 

c r - »«!# y i 

m = a r i P f O • - « 

r u % D I H f - O r ^ o r u 

•tn m^$-
(M + r u » a s • r o • 

" v „ y 



154 

o 

t i 

i i 

rCll 5 3 u r i f i r — C r 

r - . 3 

*-* « £ i n 

1 — 

u c t W t n c 
- V r * * - K ' - " 3 i T v i i 

I ! C T I T - J - f V ; O O ^ 

c ^ i r » f C w C C ' G C ' -

L Y r j r ^ ? « s X » 

* — r 0 - 4 

L J 5 » o r - > f T i f • 

>- G > « O • t > n ^ r 

*— < • 

> 

A f ^ ^ - t C t r ^ e 

L f 1 J 1 ' ' ^ > -

^ r - - ^ o i n ; 
O - 3 0 n o 

v i i j j ' . x i , r c C 3 X T r - n r u 

4 - c C ^ C - C ? 1 • o 

c *—: f T ^ f • t f w 

« L H J l c r - < £ tn « 
o c ; C V f V 1 1 • f ^ N i 

C " - i > C ' a r - c ^—»' 

i l c C I « ^ f\ < r - A 

f -

* 2 " - U 
' w r 3 i 

L L • Z Z 2 i r a c > c x £ 

• ~ ? u * - u r « - r - ^ r -

>- T^- * • - . C - C - G - c t 

• o f i " : - i r r - - < C - ^ 

L A . * ~ L - * ^ a a : c — a 

» I T C O c*zn 
I I c n ? * • : r ^ v -

O r^rt • r j 

> £ i x t^ X » • ^ £ j m o 

O • \ I - * * r ^ ' - O 

f u : - r . - >;. c o W « ^ « 
L \ r j • p - X ^ 

S I — U J 

L i 

A , 
I ? O o r ^ r a o 

c . r v ^ J O * ~ 

H - i +-i n j 

t . ' — i— — Lf% C C 

c c t c-- ru l t i t 

11 J - l r< X - c O I T ' > \ , o 

¥~ f ^ i r » - t l / ~ i » « o 

» - i - L T • - * "I • • - < 1 ^ r r u 

« ^ 3 • i J D • 

C G — 1 • L C - x D 

• 4 2 , - o 

i — M S • r n r c :• - r - a ? 

O 

• v * -
- * - 4 i a » . - • 5 3 

I I V * o C D 

« r - C C ' i 

f U . n r — 

N l - X I T 

> r cr o n D 

f V rf-v o 

c r • • ^ 2 C J ^ r , 

L w I l > i r c c c r L n — * 

n f s 
•«A> 2 _ f V J ^ j i r o r ^ r -

• *—• • o •i • • - » 

» t O • - 4 o • o • o • 

f > a u . 

A O * A i o C f U K i K t \ T i v C 

o » - c €Z& K ; C > 

K J O c r o C ( \ f K i t r - O O 

c r - o o o m - N n m o 

r u e O S 3 T r ^ v r . i n c r - - x > r o KhO 
f t ; K . - X - a r c • f V 5 0 - * i^- if \ t*l 
o f L ; < V ( > f ^ O € 0 O sD>D 

• *io > « o < 9 tt « • • • • 

o « t*~ > • C t v ^ • c r o v - J . C N 

^ w H I L n j - w t o o C X O 

C D f O t ^ p ^ c a ^ c e o C N 

• • H L I ^ s t r - m - r ~ B O A i a : - r e 

o r i f . 

f s ~ f O r H n ~ c ^ 

i r r ^ t o 
r n < y 

A C ? * - > « 

o * t r 

c o r - y\xCr • ~ H K O ' C X 0 

f V i - - ~-y* C C c l > L P O C T c r - « 
rsi r a v D ^ — * ~ r N K njco • - i r u 

i > - O i . O r u r - FlcO = 3 - r a 

r c i n o a j • H T J * t n ^ n a * o 

> ?. * « o 1 • * - * - i t n « • 

- - 3 « J W tt « - * « V - 4 O t o • C > T u 

^ r - i r . ^ c C M c c r ^ n 

c : r u p ^ r ^ C ! N < D a . e — i n r u r i 

p r « r w - > 0 — a ; = s t C 1 c 

s C I P c r u c r A i 

« r - a ^ r { I X a : ^ f « n » ^ 

n i f r v c « c r c r A < • -
y ^ i c L T ^ a c ^ o . 

t c r a 
l T L T * - T C O c r - f n c ? ^ 

i T ' C r 

coin 

m m C K ) a r ^ i r u ^ 
m r u m o ' U Y l 

t a r n - o L I z t o j 

\£m ~~r> c r < r 

c o m x > r - A i m 

. s a K . c p - = c o 

^ - A ' — < T C O 

^inc+j *-* % n r -
• c a » « « c * * 4 ^ 

« i r v • 

« 4 3 m r ^ ~ 

t i o r - * o c — • 

i j i o ^ o r ^ V D N 

. A £ ? f = 3 A J n C N H ' 

r - t r v a r a m t n m r c 

m N £ 0 D r - r v f - s J D v D L ^ s D 

• h i r \ j o - « f Y O J r - G x 

— c r • — c T ; i n ^ s ^ m a s — f C C O 

s ! D ' N & C I T - c u c 0 5 n j ^ I T c c i n 

y>cr> » f- ? • e 

* « « X * • r u • • n i • r v e e 

i n r - c c r u t^G- c n > c 

= T T f ' J L i f t * m o c c ; - O f * * » « • ' f r a ~ ; 

m r - C O ^ 0 r - o V i D * D N -
q - o O o ^ r w 

.~-*ns J * - N a 3 f r u c C ' n j ^ 

' o 

v D o 

• c ? ' • 

» • r H I c r 

tn t ^ 
C D c c 

', •«*-< s C 
C O «-• a 

t ^ i n — • A i 

c r r u a j L T i - ^ r 

« H I « e v « « n j 

• H I • > ' r 4 • « - i • 

• v £ ' n j C D O C T 

i n v O C s r - ~ • 5 J - N * > 

I T ' f ^ - • — c r : •*-?• r < -

i n i n I V - c v A I o 

i ^ c r f ^ A J ; 

o CO C D c ^ v C 

c * L H r j r - ' c j * 

ff- r - - O 4 3 

C L H s a A i i n c o A i 

v D f — n j c x t n « r - f r - n j 5 3 " 

• f V J n j » « f U * # o « P A 

A i • A I • A I • A I « m » 

% • V - - C l ^ v t ^ ^ 



155 

<1 
fr-

I." e- ^ c-ru 
*-"S c ^ 
r— 
:c: ^Cf-

—• f< r-
0 0 0 
r-_ y-«-» 
£; 

,-t & r j 

ceo 

cr Co 
as in 

p«r- v? 

^ , ; r , .-*0 r u - £ £ ^ £ £ K ? 
L ^ <wc c.nj r-c t n r ^ ^ ~ 3 - . o 

•r̂ i in^r 
O- ic iT«in 

%iv eO 
»f\l cr 
a r̂  »/"!_ O 
-̂f ® CT^ 
iT;^ 

,DN ;0-0 0J-« 
5̂ - C OfU p-4C 
rOL.1 uvr 
*o^n aira w-«3 

<rcf 

•zg*-* ski'-C-
xru «*fw 
• ru ir̂ un « 

Cfi: ® CC • 
(7S^ c r 
•X̂ r̂  CO 
tz 'y;- «r*CL €V-»-

' I ? S v & , ^ - i g S J I * * 

s u $z 3 5 x s s ^ S B ^ - a « 
c- -•> .J r £ s ^ £ 5 £ 3 ^ ^ f . ™£ " £ — • • • • >.-> -hlh ^ . o in^r - t - ^ -y;\ ^ «o —- - o f r» 

~ £ £ ^ " a « n C' ^ £ * 
^ ' . „ , ,-*-, K» • & * TTj. eK> - o 1 - ' « • c t t " » r . - « Z « £ * . - > . * £ ~ S ^ 5 £ S S - - - « 

if i 
*r~ a r~ <*! ~ r-o ~-=v£ ®s- w w zil. tr-^ — 

^ i r o -* • <r*o ^ ' f 'U _*fl a?- ^ ; u r ^ L 

£-«" 1* ^ .r-f^ *-*A* 
- v ' 

—i ...J1^ <-*-'' _ _ , W. «•• -3 ^ cf ®C QC 
rr_ »> c£:£\* tr CT >£ ̂ ' C-%£i 0» ^ C£-f*"l r*~ 3̂ 

t . ^ ^ - % a l vtcc. r c - --C © ~ f v ^ v ^ 

-? 1 ?£ 35 it -s «S St ^ «£ -? 
* 1 ~ S S £ S ~ £ 5TS S S £ £ £ £ $ • I - ^ 
w-H: . w — "*- g*. f̂ ri _£': rv TV*** * v»i*-i - *• TOfNTV 

W>fl IV' nr,c; tCCk ar- « 0 
_ . . ^«x- , 4 ^ l ®̂ r »-« ^ # Ln « 
- 1 1 % ^ ° - ° K>̂ r ^ ^ • " w • J ^ 
cN *- ® -.r ' C«TVT% ruir* w ; 0 vD'-« 
- " ^ - ^ 5 : • - s - : ^ S k - ^ ^ vG » 

c 

m£T 1^ r ^ . ^ 'C*Z %<Z «>* ^ ^ ^ ^ 

S11 
ru .Y , ^ C^w _T^ ^ £ - V ? £ C l -

.« - -3 ~ T2 ̂  Jr. I T - O cr O ^ c r - ^ ^ S o 
1̂ ^ r . n to*^ j i u> cpo r\^:. ir,^, *i\ -c cr ^ 

^ ^ mff =i^. - c o tr.ni aKi ^ ccr rvw <va 

f ^ c ^ ^ r : c
 r ? ^ ? u - ^ S S ^ ^ ^ . . 

t in • ^ -Jr cC r^!? ''-^^j t~- ai«; *c= ra • s— -s r ° 
* V 1 1*1 k̂- v i-L. 1 ""•,"* fL. A € 9 f\,J ® f̂ S 

«.a •vG> r^ru - » —ft-n rr»r-i «-» J c*--J 
,3-r M , ? ^ "-^o «-po r - f i vT ^ 
^ a , ^ ,0-0 mc* r a ^ ^ 

ay« ^ !*~i 
u 

-3 

0 in p 
t̂ rcC oC» 
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=̂ĉ tn?i snirv ̂  to® ^ 
•V •'NfiC'" f*"S (V " O ' «C 
^ -o tnt- sn • to • Lf< - an • 
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APPENDIX B 

Theoretical L-she 11 ionization and x-ray p r o d u c t i o n 

cross s e c t i o n s for incident ^ B e + ions upon Cu, Zn, Ge, Br, 

Zr, Mo, and Ag. 
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APPENDIX C 

Theoretical M-shell ionization and x-ray production 

cross sections for incident ^Be+ ions upon Pr, Nd, Eu, Gd, 

Dy, Ho, Yb, Hf, W, Au, Pb, Bi, and U. 
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c c. — —»a; OJ aa Kr î r^. » • • • • • • • • • • • • 
o o o o o o c o o o o o 

T-s ̂  rjraroyiro 
c o c c c c c c c c c c 

f 4>4>f 
^ t u - t c bi u . l i ' l i i 

»-«ot jvnf^iri POro Kicaa? 
•f cr <y =ar cc c k1 lp o • • • * # • • • • • • * 
r j r\j vC—•rum =3 unr-coo —• 

pr£ c =3 in i/* m in i n n 
c c c c c c c c c o c e 
• f t 4 
bL L l i l i L i U l x l i U l x U . ia. 
^ cc ro^-scminrvc?Lr.rv.rf. « cc c:cr f c r -» • • • • • • • • • • • 
ev r v c r 5 j ^ cccr —— 

^ i p m i r iniriPin 
c o c o c c o c c e o c 
• • + + • • + • • 4 ' + + 
Ix u u U.' ti Ll Li it lL u li. 'JL' 
>£ >i) --«C> iT^OCTfO-̂  

•- tr f «£if> ever LTI\ arm ^ 
1 «-< r j j i 

rn Tin JI LHLH intnin 
O O O O O O O O G O O O 
4 - f 4- * "I-4- + + f + + f 
Lk.! iiJki-. Lt 1x1 Lil uJ Ll' LJliJ LJLiJ 

—«o r-- ~ro --«vĈ r> < u 
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APPENDIX D 

Theoretical L-shell ionization and x-ray production 

cross sections for incident ^ A l + ions upon Ni, Cu, Zn, Ge, 

As, Rb, Sr, Y, Zr, and Pd. 
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î  o | 
ra CT* 3 
p̂- •>—» • 

v_# o-

VJ win run r- —«_>roc: • • 
c: 

xD OIlC Kl cu.r*. o 
»—• Cr c < i o 
r- « C • c • 

c; CC c 

•<: ' i 
H- II 

• 
tn 
> - • 
zr. Lu r*" 
cl Li o 

a- L. 
• 

C- V} CO • tC c.̂  co 
o ^ LJ • " ~ 2̂ iJ 

_i »-* LLI ' M 
ui »- LU ui *-~ »™» 

> • ^ M O v-t #-a > -

> - ~J >- _J O i 
LU i « »— <, I 

ia n •o Ui C'l ^ i 
CJ < >- w <f L-- | 
"T ~z ~r 

. » •ii r~, a ui C t 
-J LJ "H O i 
<r i f ) £L • CO C"L 

wui - > LJ •> ! 

K- DC .C _J j 
Ixl D <3 ,5 • • | 

zz *-* LJ ~ . H ^ j 
_J CO _i rr t 

LJ u. o 3 Ix. c | 
< '.J ; 

> - -J -2 K _J V • > 

w • 3C - j » 5; 1 
" " uj ac Ui cr s 
< x L-J • X LL! o , 
CD w i— o CO V— o ! CD 

C3 CO £3 CO o ; 
, « 3 o ' • ID o *- i 
TZ CO U — 

CO o z> ; 

\ \; >: :•. "<a T cT „l ,-Tr-' "r.i • / 
Jli-L- .Lliil t.L :: 



/ 

>~ II 
- It 
-ill 

ajn 
cr ti 
LJ II 
> II 

4 11 
: it 

it 
ii 
ii 
ii 

w it 
! II 

3 I* 
i It 
r ii 

:j- n 
it 

- it 
n ii 
< it 
UJL tt 

tt 
tt 
II 
II 

>sr ti 
o Si 

II 
12. II 
< II 
- i l l 

ti 
it 

crtt 
it 
ii 
it 
ti 
it 
it 
it 
it 
tt 
it 
it 
it 
it 

3 3 E 0 

L 
i u t 
I * 

! . 5 
i c d 
I O I! 
• tt ti 
« a. si 
• ti 
I >- v 
t <c I t 
• ~ i 

3- IX I ; 
re i « 
o i:~ * 
u i ! 3 « 
x **- * 
b- I*- # 

l < « 
•:z i m * 
<n I»-* i; 
to i i 
a » 3 t| 
O t ~ is 
Ui i ii 

c ii ej 
i <! 
i u r 
12: » 
I 72 I 
I H I 
I 1 I 
| < 2 I 
t o e 
i t 
I f E 
I I 
• s— ii 
»<J I; 
» tl 
I GL »5 
i »-« ii 
I c 

1 ! n T 

.err 
r 

o o c 

— » o IOOO— 
o o o IOCOC 
1 * •-[• + + + o o c ICOOC jv>mo-c 

XJty* 
• • 1 i • • • • 

ru-wC — 

„*w-4njrjr 
c c d o c c c i + + +]+-+ + + 
c c q 
c0«-«O 
(CnO -̂

3 t w e r e 

<rtO 
c c c 

C^J 

o o o + • 

umn wr 

cosy-" 

II ' h- • 1 

tt C_5 I 1; 
tt : 1 t 
tt £T. • •'! 
SI 1 II 
ti i cr, 1 1 
n to i ei 
ti c « f 

! " nr 1 l! 
: II u l»- l 
! it i v l! 
1 » _j i ur •! 

ii g I tj 
tt LL, • »S 
it 72 1 • I: 
it m e r: 1; 
ti i E *2 !| 
ii ICJL 1 
it r t t o . i . 
it e i s! 
ti * »-«t >~ i! 

it * I K . i: 
it * i <£ 1 - Ci 
it * r i x t! 
tt •r-t t i; 
it X 1 7 t 
it *y* i n r 
t! «-T' c: I *-*• if 
II *-» i I f- t 
11 

! d l<T l| 
11 lil I ;< trsj «| 
11 m \ i t*-* ii 
It ~ i - : i| 
II -<• c: IO is 
It a. O I «-"• 1: 
It iC 1 1 
tl 1 It s 
tt .T* K 1 1 
It O CT l i t 1 
It a: u i r r l 
II Li. >-* 1 U 1 
tl in- i 
II O l r.„ t 
II c. l-^r i 
II _jr 1 D t 
II Ui 1 t 
II H 1 4- 1 
II > - 1 I 
II I f - 1 
Ii C) I U 1 
tt n 1 Li 1 
It 21 l^t 1 
tl o IM 1 
tl or 1 C 1 
tt *-£. 1 
tl C 1 
II zn. t 
tt hi ~ 1 
tt f— w | 
It CO -• Ii 
It C3 <C I1 

tt O N 1 
if !\J /-» li 
11 y> ce > 1 
II ill 1 
tl t) UJ r: ii 
II ra o ^ • 

11 tss —• i 
II ; J ;a i 

'CO II u i 
kr ti tn o 1 
i-« ti ai 1 
i 11 fo a UJ 1 
> ii •-* o r i 
i-JH 3s w I 
— tt tl —i — I 
—> II «-* Li- i Ixi 1 
:« II i1^ ] 1 

OTIC. 
n\n 
C ^ If 
?3 0<-' • • 
o o c 

o c c c 

crrvjf^rvJ 

—^nC«H 
i 

rxtrvKurJ 
CCCCi 
+ + -H 

r e d 
NOcrr--̂ n 

o o ^ » £ 
a j - r y i o 
t^ctc-
• « • « 

o o o o 

o c - c o o c o 
+ f + j + + * + 
Ci£:.~;iCC 
coiTK-ir^-n 
(?*•<-n4«~»f*=£ "C 

im/V-TUt o o 
c o c j c c c c 
4- +- -H + • «•• + 
£: or^CLC C.C 
^rvi 
oxc0<rnii^.ir 

ru=? <q—<"fVPO ~ 

irnftirLr *c*o>c 
c c c j o o c c • •»• + + • • • 
c c d r . : c r 

^raiHaoc^— 

«—<fvj f"u *" 

=̂TL<1 
C O O 
-I-* * 

lr\j>jy c o o o • + + + 

ru—hso o^rru 

r*~£l -jC 
K>r*Lr 

OOCI 

c o c 
c i r c 
OCMiT^ 

! : P 

-xif̂ a.CT' 
o o o q 

OOCQ 
m c i n c 

orvsini 

—ajrvioj 

t 
r ; ! *! v 

•• j fr* yi 

s ^ Ji t— 

I 
^ j. CC o 

• r t 
!»-

m 3̂" 
r j r j • 

—* o 

it 11 
o OJ or 

; ac f-
• 

<n 
>-

• 43 
xL 3̂ l̂ i 

IT. 
m • 

C. O 
c 
rr II II 

«-» 
• -J ; 

a I— 
LJ 

• • 

«. : • > 

~£ U.' LJ 
*—* 

tn 
C2 to o 

UJ 
m M • 

U-
<n 

• LJ. "X. 
< 7Z _> 

ixi ru 
o M 
2.' iD 
< ZZ »-v 

> 
Lii 

UJ T: 
a K _J 
az 02 

* 
LU o 

iXi ft 
-> 

• & <1 
M 1— 
P5 La 

• •CD X 
•-5 jo i -

^ 186 

f\J 
r-
cr 

n j o ^ o ! 
a ' oo jo ! 

.rHKC'i 
o— 
o n . CM 

> 
LsJ 

tn wo 
Z3 Uk 

O 
CC 
« 

5 I 

« I 

<n S | 

oor^o! 
,7 V-«-v; 
; —itu'-H 
\ O • • 
; • 

© I 

Kioto 
"nruyi 

i—•̂ -rsjeri 

! ctxfU 

. • !& 
- p 

I E 
J! C 
>• O 
£ Li 

o 
• CO 

US 
- B 

Ld r~ 
cO 

c 

^2 
<t £ 
£1 

jj 

6 

i 

UJ f -

u 

'.3 
Ll 
ac 

r. 
ui 

u 
o 
o 



187 
? i " l L 

i o c ^ o o o c 

I '7 

^ ^ • ^ 4 r \ s r j r u ^ 
o c c i c c c c 
4" 4- 4- j 4 4 
i T D d u c c c ' 
L f t ^ i tyj a o - - o -

I f * f*1 ^ V? C7* OJ • • • • • • * « 

' - ^ 
^ Y l J O —| 
/ lC^CT- - \ . ! 

• • 4 • • • * 

* < g* i *oU©«-»v« r*-| 

i j 

C- O C : C C O o i 
f + f ! f f i 

v r ^ ~ r < d ' C > o - j - " ; j 
c r - r o . n j r c c . n - ^ i 

* « « • • » « 

I f l 

I 
c e ^ » f v i c : i n « c « r . -

L P ' : 

v ^ y i f ^ j v r r - ' J - ' H 
c . c o l c c o c j 
+ + 4 i 4 4 4- + j 
« r . . o c i . r - " • '-" q 
i n r x i o t . n o p o -nl 

v i j 
• • «t • • • • 

C O C i C C C o 
4- 4 4 i 4 4 4 4 ! 
o o q ' ^ c d 

x n j ^ y ^ ^ r n 
• • • • • # 

c r L n i f ^ i n i n - J D v f . 

• + 4 - j f - 4 4- + 
c r c r c c i : 

r ^ ^ = 3 - ; o > J 5 C J t o 
• • • • • • 

xSr.f^TtJT.M' 

4 - 4- f 4 4 4 4 
c c d c c ^ 
— « t n i n > - cr» o i 
[ f t c r r ^ i K f j ^ t? —«t » • « * • • • 

r u z j c c ^ w a i r ! 

- a i / s i v c r - c c c* 

; j f t o o o t o o o o ^ 

o n j L p y ^ o r v r . r i 

«—< »-< » r u f c f v i 

» 4 - * m - i n F * i o " i n -r t o 

• r ~ ' 1 ^ i"; : i " X"' — r n <-
~> 

r v i o 4 1 o « - • 

r-o • • o i ' • c i w* 
•»»* O o j j c 1 

1 
l 1 

ir f l \ tX. 

• • s y * r o i 
/ - s ! w —i i t • 
r»- | 22 * - j 

CT̂  | r o c.- r e ! O 

>D c r -. o r c o "- t? r u . n o 
w • o o U . O »•< i - _ 0 | 

CO p*- r r t ' * 
\n i n • Q • • • • ^ | O 

rvj * o • O o 

«~4 o • • c * 1 ( '-^ 

f ^ | ! O 

f l 1! OJ c -
1 1 C * 

c r r u r \ i r - •—• | ' * 
* o —i 

w 
1 ° 

CD H •-< ! 
• w r 4 C r u e r - -

CO ~~T I«HIOL" o r o -~»CC1 

> - IT. O f «JL' O U . O J PO e u _ n 4 o 
• •— o o • o 

n l •JO f O r - • c * • c i • 
; r^ i n o cc o 

1 
• ;ir» • •w 1 

c . i —» G >2 *-1 • 

O ! c« K - ! " 
r - . t i I t >*: 

t -m 
•HI • i.'i 1 f ^ 

• _ J 
> • i i 3 I — > - • 

lA.« u. fr* 
• • • • r L i i ! C3 

/ - * >T U 
i ^ > > • 

M i u cz. in CD • I t f l tr. t O 

r*c w V-* o a ' •J . K - L I ! 
.11 LP "-" - j Li. i—• »-* 

c f> O Lii »— ~ 1 5AJ r— i •—* 
y a • »-» M ! w *-+ ! t-

» M » ^ > > - ~A ; > - J 1 ?.J 

u . I T V * L_ M ! ' • ! w 
i * T 

«-4 L J cr j j •-•I !~J ;~ 
• • a i ' V U -St. > - • w < t t tL. 

_ J •» " T •Jj " 1 r~~ l l i 
c J f j • Lii C~ r I 

r i rv i _ i U K k j '" J i * 
L!> v . Cu • f L 

< c —> i'.U 
| - J • H > h - ;re. 

7? IxJ U o C3 •• ' . 0 

i v i <w i l l ; t-4 LU J l . i-n i v 

_ J i - l O - 1 j 

£V i , r f L u fuu o r r i 
« ' I * — i j - c ~z 

! i -U 1 i CI > - u y: i i r —! y 

c c ! U i 11 il.- i - j * I i n 
7" ; ' U r r vil r } 

• < C I X L J • * r r ! i-> 
ILJ V- c . i to H i c;. ;co 1— ? c -
} CO l i i CO i r r t o | C3 

> • iH5 X • j—-' C : ! '•
 m 

tH. o I <i 
*-> j o >— ;<*> u 1 — 1 t o t_J ! 



J i l r i r 

> - II 
F - II 
'•-« ti 
:CJ? II 
AC N 

RAJ 11 
> » 

M I L 
II 

, ti 
it 

-T II 
* II 
« II 

-W IR 
- 3 IT 
SR II 
K II 
L - II 

L " 
?*- II 
\rM II 
l< tl 
FOJ II 
I 11 
1 II 
I ' « . 

N 
SX II 
M N 

£ . 7 
!<«• it 
l-i it 

ii 
* ;I 
: II 

!l 
II 
II 
It 
U 
It 
II 
II 
F! 
II 

II 
TL 
It 
I* 
JT 
(I 
it 
!J 
II 
FL 
TL 
Ii 
IT 
It 
II 

N 
it 
II 

it 
II 
it 
ti 
ft 
II 
II 
ti 
I! 
fl 
If 
II 
tl 
It 
II 
II 
II 
It 
it 
tl 
II 
II 
II 
tl 
II 
II 
H * 
II 
tl 
II 

-J II 
•FC II 

II 
K * II 

L - TI 
I - I N 
!TT3 TL 
r - » H 
* II 

B R 
I 6 
L»~? K 
• -s. Ii 
I T ? «1 
T ^ 
« r. 
I • * 
• C * 
• O I-
I K »! 
I FL I; 
T I? 
I »{ 
L - F L| 
» - N 
I X lj 
I I! 

I : I M K 

• " J ^ S 
*C • • M B 
TC I »-K I i 
n T -T £ 

. i ' . : i 
| M F 

: A I 
I tl E 
I E 
I . J t 
I K I 
T " ? I 
T » ~ I 
8 R_ I 
1 4 I 
I U I 
I t 
I F I 
I 8 
I K - T 
I I 
I BL I 
I F * 1 
I •-* I 
I £1 » 
I t 

M 
O C - I 

CTSRVIINCD 

IN 
S O O ' " 
• • • 

C O C I O C O ; 

R < V H C O C C 
c o c b c c c 

K • I + + F + 
O O 
•£S«D-

rucr c 
FLTRT^ 

m m 

C O C ~ 
4-4-4 

•> « * 
y-t—>rv 

O 
' I I 
CT; 

I 

UA 

O 

£<* 

II 
" J 

II 

IRW 

c o o < 
4 + 4-

"•.J . 0 - 1 . 
£ .T*~RO 

s i a l S I s l I s ] 

RJRJ—T 
O O O 

F F I 
C r : C 
R U ^ R I 
N I R « • • 

O O O 
o c c c: 

4- 4- 4- 4» 

• • • 

-»njLT.<T 

O —4»H 
O O C 

N . . R C 
<\iry:r 

C 
• 

t 
I 
i 
I 
I " I! 
£*-< I 
I \ I 
• I J » 
I • 
• I 
B • F 
I tl: l 
L ~ ? C 
« : r L 

- I T L L 
F I 

H L > L 
* - I «* s 

c t -'-r i t 
T I X II 
<•-« I I 
x i - * ii 
O 8 ~S I> 

! • - « l j 
TV- L 
I •: tl 

••"z. I M I: 
• Ii 
I T It 

-:L* I C I 
I » - » I ! 
• »! 
i it i 

» - I • 
CO I IC I 

I IC I 
• I R; I 

U . « » - I 
I A I 
t < I 
I ; J T 
I I 
I *• I 
I i 
I » - I 

I U I 
I oi I 
• F I 
I M I 
I C I 

I 

I 
R> » 
^ I 
— I 
OR L 
"V I 
^ L 
> I 
I J I 
7 I 

I 

— » 
J I; 

IJ 
<«-* I; 

I 
•jj I 
T I 
^ I 
— I 
iaJ I 

I 

R\J 
O O C . 
4-4-4-

—* -'OR-J 
I P I T ' 

•N«&V3 •'« 

O O Zt MI 

C C C j O C C c 
4- 4- 4h|* •*>•#- 4* 

G^TR>T^'.NCNN— 

—»R?AD~-*AJYI;R 

R O I R - 4 N - " I 
c o o c c o r 
+ 4- 4! 4- + 4-

A:CC >R 

C. E C 
4 4 4 

CC>0C-
- C ^ C 

O C C 
4 4 T 

ru c?1 -~ 

:̂ RCY R̂ 
O 

4- 4- 4- 4-

i n c c r 

r..f --S 
o o c. o 
4 - 1 - 1 - 4 
O 

O U N J T K T C O N ^ 
CRRU-C'I &rct*> 

m • 4 • • • 
zs <r HRUI^IR=-R». 

R^VOVFL 
Y -J R XR—CCTR 
o o a o 

• • 4 • • • * 
o o < > o o o o 

C ^ C ? ^ C I P C 

»-«»-<» 4»' '(VIFL'FL 

cr o * »—» 
•J" V,̂  A I U _ 1 

188 

CT 

I ; 

• O • ^4 

o ° e t 

II II X 

•• yi to r-~) 
<r-» ,. •• 1 * 
r - & i— o 

vC 
o r j o rr* 

rs ' • r v roc: »r 

m f— "J "K! 
VI o o O' • 

n O :n • r-j «• • •> 

ru •o « o r~-

—« o 
T*>-

tl tt ro 0s 

cr fU r- W-» • 

r-T - J - i V_RF .3 

• f\i"? R - " j • • 

T.? •;ru C; • i " •HN 

> • VC xT OU.OJ cr U.AJ c: 

• OJ o i 

L tn vO r»- • c: • 1 o • 

o rr c. *"• 
• o • 

CI as o -•? 
II r-_ H II 

ti I> 
»-« • 

• - j , ? '.r 

CD V- • 

Ui 
• • i . 

*a. 
LJ ! 3 

r> • 
rv- LU . uJ o CO C/2 • tr; to tn 
.*;» VJR o cz U I .. V-J 

ZZ It'.' .* »-4 4̂ . 1 M E~ 

(3 CO O LU V— LJ •— »-4 

U.» X. • •—F c: •-+ •—T H 

• M • •>< - 1 _J CJ 

U. J_PV LxJ • 1 M <1 U. 
• < Jrl :.Q CO 

M 
r'} 

• lli (jj > - h -t 

*"£ • - I 
• \J O r ; P - 0 

' i IS! _1 u> cc (LJ r- •» 

IS \ -3 :n • . 
Lt0 r_ 

«c \a *• 

»-« z> h- rr Ire —i 

~T IJ UJ O )::> CO *• 

LU ~ M ui *-* 

"-4 - 1 IJ r r (.0 S-J 

."O UJ I3U O 

< 
."O 

4t "r "JI j .J: 

LJ RI > - - 5 CiC •—» 

OC aJ ti so -J 1 X. i - j i 
^ > Ui nc. CE 

• at 
La 

< •f? .X UJ • ii" LJ O 

<S. 
at 
La I - c:. <n 4- c !o 4- o 

CO Ld cry if— CO o 

• m •ce X • ~~ c • o j r* 

—> 
) w 

1— ?: 
i " 

o 
s 

o 
' 

I • | 



: ; T : . 

i 
> i i 

! ! 
»—U1 
^ I I 
yr I I 

I? 
I I 

n If 
r n 
~ i i 

<t 
t n 

» 

*-• 11 
- J » 
0 I I 

! : r i i 
i t 

i :a I I 

1 1 1 

11- I t 
: Vj I I 
; < i i 
L J : i 
' i t 

i M 
! —• it 
!*r it 
:<_> i» 
i*~t I I 
l a u 
k » 
i .J It 
! ! i i j . « 

C£ I I 
i «» 

•-* cc no ^ <v 
C G - i — 
O O --> 0 0 - 0 * * « 

0 0 C > c - 5 0 75; 

o o O o o c 
l » I t 1 4- • + 

cotjc-cj r ^ c r ^ a 

- . m u l e — o j ^ 

I I ! * r . B 
11 i <z t 
I I «• ~T l J 1 
i t ! ~Z l l 
t i -iZ I + s 
i t 2 1 1 « 
i t :-<~r tf- t 
11 I t u r 
l i - CO t 6 ,-.i E 
i i !. ! i r s : i 
» | f i t 
i t H-f | 1 i 2 • 
U !i P— | « 1 
11 ! c . f I 
it ilil i B t 
1 1 1 w; | t I 
ft ! I t 
i i 1 v: \ 1 6 
i t try . i t E 
a s <r? i f £ 
i i .i-i. I S 
t l ; o j ft 11 i I V I 
l i t o t 
I t - i I t 
I I LL- 1 Ei 
I t 7.1 1 • t 
I I Ul t i l I 
I * t H 3 K 
i t I -J l i > I 
11 j : n t 
1? TT' B 1 
I I t * 5- -1 I > - * 
I I I * >-• l -f l f t 
« * ^ i n : ii 
i t ! * i b : < « 
i t [ c * , w i t 
i i r*- >c » - ? H 
tt U 1 •") s 
t i w-t * 
i t V-K a . I I — i 
t i C - l - « i «{ 
t i UJ < «rsi ^ 
tt V? l 
i i T*' i r : a 
i i «x ' a : I C ^ 
t i f v C l H i 
i t JD 1 « 
i i 1 I I ll 
I t » - » 8 
11 O t n »'xf t! 
(1 t r r r i - ' v rs 

11 U l i - i w fj 
I I i*. i s - i 
11 Cr*> i a . ii 
I t c: i < r 
11 ?, l u C 
I I U i i l 
: t H i •»- * 
n > - 1 c 
n i f - r( 

i i t n » us ti 
i i V—1 i u i: 
i i , 7 a ; r l i 
i i O 1 *—• f 
I I J" • w lj 
I t - * r 
I I 1 i 
11 r r ^ « 
11 U i r; f 
11 ? - w 1 
I I 0"J Jf 
I I T ' 
11 j v r 
11 •O 
(1 m ;& i > *. 
11 4 i U •! 
I I I I UJ ! - C 
I t " J o i ^ l i 
I I isi :~ i —• ii 

;^y r i u i I U n 
l i o t i - u 3 
ler i t t o — It 

I I faJ 1 > j 
! » ^ cc I OJ ii 
:>• H —• o I :.• it 
!—11» z? 1 « • ! 

I I I I - i i — «i 
i*~y H —• Lt- H i j{ 
; * I I Ps, ] « 

i - r - i ; n 'j .TT .•, ] o ' 

*- * n 
o c a c D L < } 
r ^ / i c h - -->*%» C N f 

v->rU«-» — f O O - 1 
c c o o c; o o 
t I i ; I + +- ** 

c c . : c n c ; i 
^*n T j ^ o c ^ c * 

£ T - a ror^-sT <V»-i • • » • • • • 

r>-r7^ u n - G v i i r -

ru ' \ 3»"a f \ j y i r -n^n 
: c d 

t O — • ' M O - 3 " O f - , 
f U C T - s d ^ L n Y ' . r U 

w f \ 

t r j u . : ; 6 r 
t O - * ^ rOr-.-ir 
5 0 ^ » i N C f » - n 

• • k • • • 

c? c? -c? -
o o d c c ~ o 
•#• « - • + + + + 

r . ^ d c c i a 
c ^ 3 r « ' 1 » - i — * i * " N 
r r c r q r a j o - - r | • » • • • • • 

r w * i = i 

? * •! + ? + + 
C O C j - w C ; ' 
- « Q - ^ r — 

* « * » • • f 
ruvT — i — n v f r i r l 

r^-sD - n 
m t r t r u e e r r 
o o q o o c 
• • • • • • 

o o d o o o o 

o i n r r i j > o L T . o 
o r j V H T ^ - c : ? v j n 

T 

189 

i - l -

; i ?*- i ii '/> VH N-; , f j 
1 t • f - i «— c 

i 
j t r*\ ? o • 

• • Oi 

I i | O 

ir 
! 11 ! • • m j | 

i r - t ̂"5 j— s 
vC 
cr ' .nj^rrojnf 

ZD <r ~r rcru«-^ 
v_> j 9 

*o C' « 
i n m • o • • 
ro o • o • s— 
*-« o T"-

r~, r* 
I I I I n i 0^ 
Hi ru r - «r-s 

m -J - J c V"' —I h . — 
• V-/ wor\5<T 

to r; y i o 
> - ro r— o u . a 
X • CO »-» Ca 
CL *c • o 

*•* in • o CO 
• ru • 

CI a ; o 
c: 1-

it ti 
<F̂« • •'1 

• - J i 
> ra i - > - • 
LJ :£ U. 
!jZ • • • • c_ 

• 
b i LLS o .00 rr̂  .. • 
k-» -J j : i LU — 

U ^ 
C) O IxJ »— 7.7 
*ja >T) • U~« +- C.J 

•> I-H • ? > !>•• -J 
u. LAJ j . ~ • 

r** |:.l . l cy 
• i J ! o <• j >-

<t ~z _ ! *. r - ! "7 
IU (V • LJ <:• ! a 

.'It M _ j | ; j r.: 
o V <r |W CL. 1 ' * 
r*. l a 1 *"3 
M - > 1- (::.r j 

r r La u i ; -J o j * 
u i ~ . V> • 7_ *-• la 
o M - J i i .a rr i ° ° 
DC rs CO, LJ - fcC. c. j ^ 

* "T 
La i^3 >• -J A S 
CO iui I I !— 1 

! v 

•jJ ' r 
• i',j* <c •;r. 'JJ j • 

<r La h- »- T 
;<n hJ en co 

• - • ~ C ! • 
- 7 !° t— *- jio ta 1 r" 

_L _ r _ T _ ^ 
YF] _^"r-- ^T7-T i " j I. r: I f U_r'J i c1 

c — r j V-
r j ; —'• 
c • • 

• o «—1 
o i 

S 
j tC 

I 
> . • 
| o 

S O ' i h . o 

" • o 
' " j : 
o * • 

• r> 

I 

h : l P — i s 
<"• l ^ < \ I 

• / i i a 
i _ j 
l a i— 

m 

r~ 

_7> 

j to 

•CD 

l - n 

LJ » -

2_ 

LJ 



- II 
V- It 

- I I 
O H 
'JC I I 
~ i i l 

• II 
•-» i t 
I . *1 

II 
II 

< I t 
^ I I 

« II 
„ i I I 

II 
or H 

t i i 
f—i i» 
I " 
I - II 

i o i t 
j c r t 

i " 1 1 

i 
1 - 4 1! 

II 
.1 II 

'•—SI 
l a . n 
i < f l 
; j i i 

" 
i • » » 
i O II 
! » 

II 
' I ! 
1 H 
! II 

t l 
II 

I 1 1 
1 I t 

P 

II 
II 
II 
II 
f l 
I I 
I I 
I t 
I t 
II 
II 
II 
t l 
II 
II 
t l 
II 
II 
I I 
II 
II 
f l 
f l 
II 
II 
II 
II 
II 

3- I I 
=C t l 
ICT II 
j - l l 

L n 
> ~ i i 
U J I I 
: D I I 

I I 
; * II 

I I 
1 I 
» t 

1 ! 

I C S 
I L . I 
t « 
• C 
I * 1 
\r. % 
i o ii 
t y 
I CL f( 
I t ! 
% > - fl 
l*Z t} 
g • 
i x t 
I I 
»:•"* K 
I - | 
» i ~ I 
I V - 6 

| • • <T 8 
i 
! 0*7 • « 

^(7 -Jf 
—<,?vicC 
o c e 

r u ~ 

, C * r u r i . i 

- > o — c i 

* " f 
o o 

I 1 , 1 + + +-
r.nc,i 

v » r u c r o - H « • • • • • * 

c r r u c ? i r - ^ t \ i ^ . 

, o 4 -

]&' I .! I i 

o 
J 

• t c 

! „ J 
;UJ 

|«r> 
! I 

I L i r I: 
lu 1«-» #: 

I I ' 
c u t 
I « 
• » 

• tc i 
I * 
i v - K 
111! 

I <J t 
I r j r 
t B 
i + f 
1 i | 
t ? - a 
I L > I 
2 n i e 
i ^ i 
i * - » i 
i o I 
i « 
> i 
i i 
> i 

f 
• " 4 

c r < r c j c c c q 

-4 

?r ,r? LTj n"' r». —i 

v> y*. —4AJ -r* —» * o - * o 
O O Q C - ; C . -O o 
f t *) f +• 4- 4-; 

c c q c c c a 
r u r o ^ < ? o r > - r i 
^ c r n ^ o c e n • • * • • • * 

b i 
X 

—I 
U-

' I t 
i t f ; 

i t i: 
! i r 

i » - i. 
| r 

« c t 
| S I 
! I I 
\ S • I 

I C Ii 
i *: 
\ - \ v * 

- I 
i>~ i < i 

» - • : l ; 
r i ; < i; 

!«—• I f 
! x » — ti 

r - • >-» f; 
c . i r 

! i ~ i - t 
•-t i \ i r 

t*-< t 
i ~ t 

c : i n it 
o %»-< I 

* « 

i II i 
i * 

^ I U J i? 
I : * Ii 

t~* • ~ Ii 
U I *— I 

m 
^ t o r j TO 

I 
I 

i » 
" a 

• j 
u 
t n 
iaJ 
CE 
O 

+• + 44 4- *• + + 1 

c a r j 3 c : c i 
c o — » . n 

• « i • » • • 
o — ^ - s B r u 

o c d c c o c i 
r^» 'it •I'tt -ri 

] ! 
r o ^ n r * | - ? c* -r^ 
o c a o o c c j 

i r ^ m a t N i r - n «ri 
o > r . i n o j s r - c i • f • • • • 

• ^ r v i r j -

f - t v i v i - j r - c r ^ r t r t 
o o c j c c c c j 
+ +- +1 + -9- + +1 

c*4 —* jrw\i^ - C t r l 

= F F t -

N C A i u l 

^ n j f v r u 

! : : : [ - ! m 

1 9 0 

O i n ; ' o 

1 • i -C* — , ̂ - r J 

O O i ! r u i w C l r o 1 ^ . 1 

t " m i o • <r • • 
1 • 3 • : • 3 m 

r y G o C r y 

j i t Ct j 

• • V I i 

r - j s t— j ' o 

o ! Srsd r j o ' • O Q j? 
—< iL-l " i n # \ : w ~ vC r v \ } c 
v-» i » *-4 " j TT-

i n r u c . * ^ o • • 

bn ! m « 
' ^ 

| 

• • • • n ° 

'VI 1 • o 
' ^ 

| 
1 

*-8 r o o •« T 1 t 
r - i cr 

i r f l fs i ! J7* 
r « rvi r - —• • 

r n . J c i i 
rt * -

» v_» »-4in r j r \ I •r-*-TL r u 

t c o ! 
i n »JD O U . A J f O i o u . r i o 

x • r-f- w t | ^ t c -

TX. r u r^- • <A ] • C 1 
• 

r - LP o 
i 

rrj i 1 —* 
• m • i 

o rvi o • c i 
j 

o cr 
1 *-• I t 

T" i t II i [ 
- • • L') f " 

• i - J i <"• 
GJ t— > - • 

i i i l<_ - I 
»• . • • r _ 1 ' J 1 

/ - » 1 . 
j f;. 

m 
'tr. ZL" l i i JC. i y j CT: ! 'tr. c ' v: 

r > j o •-J : | - • r ' 3 l j i 
-— t n r." »—j . i - J »—» • 

r a t o o 
s 

i— ~~ u ^ f 
u > >JD m »—t' i C ' i»-t i ¥~ 

• M • P - j 1 • 
1 

; > - - J f ( 3 

u . «£ LU i «-» 1 »-r i -**• 

[r< Cit !l»J /J2 j. l O i j 
1 - • !Ui "N. I -

J •> | - 7 1 ' ' ! 
l l i • ijui r... c„ • J. 

o M _ ! J ( 

w • v i O D. 1 • ! t ' : fw i 

/ -V ; t d i " | 
* > 1 - •Cc i —i 

3 
UJ UJ \~5 i «. '.!> ! 

I j J • - i i Lu )71 ; •* 

»~t _ J • i S-J ° 1 - 3 
- i f C c r U . |Ll. *7- U . 

* """ r"s; < i * : J 

UJ o 3T > - l _ i >£ 1 it: v i 
LJ II 1 i i r !__* § i — 

T" r e ! .4X> vi- i 
* Li' «<£ LLI ! • i n u J | CJ 

;»\ * - |«n >- ! o i«/5 1— o 

OO LU I s ? V ) c o j 

a : X • • c • 
^ 1 

—) o l ~ I <r> 
t 

u ~ 
s cn 

° i 

f-"j CO c-f 6 1 ;< r- j . , , i . . 
1 
; - ] : ;;! - - ; [ r ; l ! 

I • i • • j \ b 
) : 

"J 1 !'l f l j : .' i _ -! :• L 



;>- it 
11— it 

ii 
ii/3 II 
:r II 
|U5 II 

II 
* II 

II 
II 
II 

< i» 
r" u 
i»-*» 
Lsti 

rt 
u 

\<s. II 
S-l« 
1 Jl 

t- it 
C7 II 
j< II 
\'~1 IF 
! ' 11 

II 
I ' " 
|~«l» 
x II 

•U H 
i»—fc tl 
!a n 
I<. II 
s_̂ it 
• II 
! • il 

i I! 
! »' 
; n 

ti 
it 
ii 

i II 
II 

i 11 

II 
ft 
il 
il 
il 
(I 

12 
If 
II 
11 
II 
II 
It 
tl 
II 
tl 
II 
II 
II 
11 
II 

If 
II 
It 
II 
II 
II 
II 
II 
II 
II 
II 
ft 
II 
It 
M 
II 
tt 
ft 
II 
tl 
If 
tt 
II 
II 
II 
n 
it 
II 
it 
II 
it 
tt 

! II 
It 
tl 
II 
II 
tl 
tl 
II 
II 
I I ' 
II 
II 
II 

^ II 
=C tl 
iCT If 

fi 
I »' 

if 
It 
it 

> II 
I* it 

1 r 
1 i • 

§ i cc 
8 t crruxri i •—ĵ ren 
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APPENDIX E 

Theoretical M-shell ionization and x-ray production 

cross sections for incident i^Al+ ions upon Pr, Nd, Eu, Gd, 

Dy, Ho, Er, Yb, Lu, Hf, Au, Pb, Bi, and U. 
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APPENDIX F 

Theoretical M-shell ionization and x-ray production 

cross sections for incident i§Ar+ ions upon Pr, Nd, Eu, Gd, 

Dy, Ho, Er, YB, Lu, Hf, Au, Pb, Bi, and U. 
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JĈ  o- « -LJ>-
HV. || ui <-' 1 

V— j ^ 
II' If ' It ll • Lu • - > 

, '"'J 'J • ̂  1 ;-*3 
! c; ? -. r ~ ^ V-LJ 

.".i "LJ i 
' r. x i i-

LiJ 
! »•*_(. 

I -J ' 3 1 13 
lI fr. ~ j 1— 
J —f i 
11' 1 
*~c C3 : r ̂ 

, .j 1 ; 
i 1 i 

* • T ! S | 
CO h- i 
' - j 6/5 ! 

« i .r ' ! r; i 
—> u_i CO <-> i 

i 2 •: 

•J 

fe 

iti 

coiTcqcrc-^vC 
onjrnr^so^r 
xC t-~ r-4 LT< cr- sD tf 
T-'s-'-r5trM?oN' • • • • * 
O O o o c 

rvr*><xl >0 crmrv, 

ip̂XJ 
53 5T 
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sĈ O 
4 t 

1 
fW-tf 0D» 

qf-iOr—-dJT^o 
^ f~'i— rj m r?i iT .£> 

C_> O Ol O O O t'a "> o 

o c 
J^O 
ruin • • 
rurw 

iEizihee: iiii i HI3E 

! 219 

VT^r;:-r\; 



1 1 : , 

220 

I 

r v c ; 

If tf 

i t 
i » 

• ' I 

is i ? 

i ' ~ 

0 ' , C . ( 

1 

a . a ; 
>r> 4 

> » w . j 

i O | 
C C » - i 

f -

F 
k 

4 E -

; 1 J 

t\ i ^ sXJ 
_ i '• . 'J 

• i 0 0 - r 

1 

1 o ! 

! « "-1 r - ; 
i t i t I «~i 

J 
> - in v£ 

. c~ 
r l 

• r v r -
c r c r 

• - i s •— 
t o * -

i 

j » V r " ' C.' 
" 3 " * . 1 -•? 

x 
• •! 

= - i 

-» 
• ; c_ * j f . y ~ 

1 - C i 
<f• I . t 0*' i {•^ • '. J kH : • N- 11 l -»—i j >— 

' " J s~< » L J | i~~i 
n : *w < 

r — i l~ t 
( i u > - ; l i 11 • • , • t j f ill 

T : " J "si • ; 
TSJ-". w : r v - - \— | 

' - 1 'jj ! —:• 
w •'. o j H ' 

j ' - —i C-. 
I * Li S 

U J 3 j :JD I I 
V—( i 

- 1 ^ _ J j " * i NJ 
—, 

i * t ' 3 * ^ ! c . : 
; ' . J <_; _ j j . ' . 
i : 3 ::: t 

• j J J X, • • ~ . t 
c —:zr. K - ! 

j c ? I t o i i 
• • I T o I •. '*-* 

- 3 I a J C C ! U j > 1 . 

r . 
1 

: ; ! *J j j ^ j • x __ 

t 
i 
t 
• 

I M » 
. t 

I U I 
I I 
I I 
f • I 
t O I 
I o « 
I Z£ I 
i a . i 
t i 
i > ~ i 

i 
I rjz | 

> j I X I 

I 
I 

i a » 
i *-* i 
i h i 

i 
i i 
I H | 

f 

i 
t w I 
i i 

a i 
i i 
I i J I 

I 

I "'} I 
( H l 

1 I 
E < I 
i t 
t i 

+ i 
i i 
I i ~ I 
I U I 
I JJ I 

i c c i 
i «—i i 
i o I 
I 1 
i i 
I ( 
i I 
8 S 
I » 

I I 
1 5 

I M | 

I \ I 
» O I 
I I 
I I 
I t t 

I L ; i 
1 ~ I 

j J £. . » 

i s _ i 
1 1 I 

> - 1 
I 
r ; : i 
i < i 
i i 
i r t 
t i 
» H | 
) H~ I 
i < i 
I I 
i w t 
t i 
I C ; » 
I H | 
I I 
I I ! I 
I I 

3 1 5 

-i 
- . 1 
.1!--

1 

I t U I 
I c : l 
l L ' i 
I H I 
l l l 
I < » 
I o f 
l l 
l + - I 
i l 
1 b- • 
I a i 

I L.J « 
» : r • 
I H ) 

i c I 
I 
i 

• i 
> > 

b-t t 
*•- i 
< I 
j i 

u j t 
CC I 

I 
w | 
CO I 
^ I 

I 

> I 

L J I 
: : i 
^ i 
^ i 
L J I 

I 

(Vr. c r L P U"< CT " i —• <\1 

CJ »— c n c c r ^ ^ C v C 
v i v - i a j r J n j r \ j 
> * • • 

o o o q o o 

« • 

c o 

•cr c n p*- urv -sr 
< v « - » d c c c 

i » if I i i 
l i i U J Lii l l j i i J Ll_' u . 

r v j r u 

0 0 
1 r 

u j j j 

• ¥ 
C T s D 
> • • 

0 / — . 

I I I 

f L f t ^ O ! \ l * - i 
c c c q c 

t I 
. U i U - ' L U u 4 ' i - : L i u J 

O i n v i ; 

t +• 

• • 
c c ^ a 

• * 

t i t 
L: i i - ' i . 

i l l : 

o ^ . : v j 
r c r T O f - c 

- r ^ c ^ L n ^ r a r A 

a . - r - » 
f i i ! i I t ( 

. • i i J i i J i j J f c L 
« « ? o o 

c ^ v o n 
M c r ' i / i , 

o o 

4- + + 1 

c c f - - r - - r 
- < L n M L " 
r ^ - a f i r c 

« * • 

o o o o 

c r ~ 

X v C 

•~ir\ 

i +-

u J L i J 

*£in 

+ + + 

+ + + 
u:l 
o a - a , 

+ + 4-

L i . : , . . 
•-C^IC 

c - c . o c _• c 
•f- + + + | +• > 

!^i LiJ U J ' ^ 4 ' 
r u o ; 

: / c c c j ' - > r -
• * • 

o ^ r u r - T - c j ' 

+ -H 

j c f t n f v s 
• • • 

r w , n - < r v 

»i- <uJ t j j 1. 

CO O IT 
• • H 

y > ^ o > " i y 

? C O 1 

+ + +• + 

L - U J b 

A J C A j C T 
• • 

*— A J s£ 

+ + 

M O 

r - c ^ o j — 

O ' 3 Q 0 . 3 C O 
C ' i T t o i i . r o I P O 
L ^ ^ o s r u i n i ^ o 

• • » I • • 

C C H - - a i r . 

r ^ L n 
i • 

fVJ 

J::! 2 1 1 1 . L . S . a m i ^ M L - a i n D r D I : " . 



— * vC 

-vj - :•> 

U t! 

\l ft 
r\j r j 

rr 

?f M i -

i ") 

l ;-o I 

1 . i i ,-j
11 • • 1 •' i ...j J'i" lo: i| ̂  i "4 ° '•J' " 

! n 
i 

_ L. .J L 

j 
i 

2 2 1 

! 
1 
! 

j 

I 
. . 1 
i i 

; : 1 

i < c c r c =3 err*. %£ 

i 
i 
j 
! 

t i rr vccâ o v 1 j 
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