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ABSTRACT 

During slow encounters between projectile and target atoms, the 

electronic'atomic wavefunctions of the two collision partners distort 

and form Molecular Orbitals (~s). This thesis considers K vacancy 

formation in slow heavy-ion collisions which occur when electrons are 

excited out of the 2pa and lsa MOs. 

Experimental work using 200 MeV Kr ions is described. Thick 

target yields of projectile and target K x rays coming from 2pa and 

lsa excitation are identified. 

Our main interest is the "excitation of electrons from the lsa MO. 

This cannot be observed in symmetric or near symmetric collisions since 

Demkov coupling between the projectile and target K shells at large 

internuclear distances cause vacancies, which are created in the 2pa orbital, 

to be transferred into the lsa orbital giving an apparent lsa yield many 

orders of magnitude larger than for direct excitation. In collisions 
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involving Kr ions, Iso vacancy production is only observed in very 

asynunetric collisions: as Kr K x rays in encounterk with target 

atoms between Hand Ar, and as target K x rays in encounters with 

atoms between Ce and U. 

Theoretical approximate calculations of Iso ionization cross 

sections are described. The calculations indicate that when the experi-

mental proton +Z2 cross section (Op) is known (where Z2 is the target 

atomic number), the Z + Z cross section can be caIculatcJ from the 
1 2 

relation: 

o(v ) 
1 = 

where Z1 «Z2) is the projectile atomic number, UK is the K binding 

energy, and n is a constant depending on the reduced projectile 

velocity V
1

/V
K 

(v
K 

is the velocity of the K-shell electron). 

This formula may also be used where Z2 < Z1 by interchanging Z1 and 

Z2 everywhere. 

Data from experiments where the target K vacancy cross section 

is measured as a function of the projectile charge (at the same velocity) 

are discussed. The above relationship fits the data but n is not as 

,large as theory indicates. Finally we compare our Kr data and other 

heavy ion data with this relation. 

/ 

J 
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I. INTRODUCTION 

K vacancy or K x ray production in particle-atom collisions has 

usually been studied with light projectile ions: electrons, protons, 

and alpha particles. Generally K vacancy production by these light 

particles is well understood; the overall agreement between experiment 

,. 1 
and theory is better than a factor of two. Recently new effects such 

as polarization of the initial state,2 contributions from distant 

cOllisions,3 binding corrections,4 and charge exchange between the 

target K shell and the projectileS have been discovered. These effects 

do suggest a need for improvement of the theory of K vacancy formation 

by light projectiles. Nevertheless,. the agreement between theory and 

experiment is sufficiently close, so that theoretical cross sections 

can be used with fair confidence .in many applications where K vacancy 

cross sections have yet to be measured. 

With the development of medium high energy heavy ion accelerators 

it has become possible to examine K vacancy production in collisions 

where the projectile atomic number is nearly identical to the target 

atomic number. In these systems, the small disturbing effects which 

have been discovered in the light projectile data become overwhelmingly 

important, so that the light projectile theories are not applicable. 

Heavy ions introduce some totally new pathways for producing vacancies 

which do not contribute in light projectile-heavy target collisions 

and which are not simple extensions of polarization, distant collision, 

binding, and charge exchange ·effects. For instance in symmetric heavy 

ion collisions, there are strong coupling mechanisms for the formation 

of K vacancies, whereas in light projectile-heavy target collisions 

only weak coupling mechanisms are allowed. One must also consider K 
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vacancy production in the projectile as well as the target atom. K 

vacancy formation in light highly stripped projectiles was not previously 

considered since the projectile usually has no K electrons when it 

enters the target. 

These new considerations have led to an examination of K vacancy 

formation in near symmetric heavy ion collisions from a new perspective. 

With light projectiles, only excitation out of the atomic K shell as 

a result of the perturbation by the Coulomb field of the projectile 

needs to be considered. Simple first order semi-classical time 

dependent perturbation theory can be used; in fact the problem can 

be solved very simply, but inexactly, and is an elementary quantum 

mechanics textbook problem. 6 

In symmetric heavy ion collisions the perspective taken is that 

excitation occurs from molecular orbitals (Mas) and not atomic orbitals.? 

This requires that the projectile velocity be sufficiently slow 

so that the electrons can adjust their motion to the presence of both 

the projectile 'and target nuclei. As long as this reql,lirement is 

fulfilled, the electron has a wavefunction appropriate to a diatomic 

mOlecule with nuclear charges ZI and Z2' the projectile and target atomic 

numbers respectively. The electronic energy levels will also correspond 

to the diatomic molecule. Figure 1 shows a plot of these energy levels 

as a function of internuclear distance R for a collision between two 

Ar atoms. We call this a correlation diagram., 

Examination of diagrams such as this allows us to make some 

qualitative remarks about vacancy production in symmetric heavy ion 

collisions. For instance, Ar K vacancies can be formed mainly in two 

ways, from vacancy production in the 2po MO and from vacancy production 
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in the Iso MO. Both projectile and target atom vacancies are made, 

but in an exactly symmetric collision there is no way of determining 

whether an x ray comes from the target or projectile atom. Similarly 

there is no way of determining whether the vacancy was formed in the 

Iso or 2po MO. In light projectile collisions, e.g., p+Ar, for which 

a correlation diagram is also shown in Fig. 1, there is not a similar 

choice between vacancy production in the 2po or Iso orbitals; it must 

occur in the Iso orbital. 

Wi th the possibility of K vacancy production in the 2po orbital, 

new mechanisms for the formation of K vacancies can come into play. 

For instance if vacancies exist in the 2p'IT MO, during a near head-on 

collision they correlate to the united atom (VA) 2P3/2 (or 2P±I) level 

which strongly mixes with the 2Pl/2 (or 2PO) level. On the outgoing 

part of the collision the vacancy may travel down the 2pd orbital 

ending up as a K vacancy in either the projectile or target. 7 Coriolis 

coupling between the 2pa and 2p'IT levels is extremely stro~g, mostly 

because the energy levels are degener~te at the VA limit, and large 

cross sections for the formation of K vacancies result. Clearly no 

similar mechanism is available in the p + Ar collisions and the cross 

section there is comparatively small. 

In certain situations, to be discussed belo~, one is interested 

in forming vacancies in the Iso orbital in symmetric collisions. The 

energy that the projectile must transfer to the Iso electron is approx­

imately four times greater at the VA limit than the energy which must 

be transferred in proton induced collisions. In this case it turns 

out that the cross section can be smaller than in the proton collisions 

with the same projectile velocity. 

-1t 
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There are more complex mechanisms for the formation of K 

vacancies in near symmetric heavy ion collisions. The purpose of 

this thesis is to examine the many possible pathways for K vacancy 
I 

production, to determine which are most important, and ultimately to 

develop quantitative methods to predict these cross sections. 

To delineate possible mechanisms of K vacancy formation we have 

measured K x ray cross sections and thick target yields in a variety 

of systems. Measurements using Kr ions at the Berkeley SuperHILAC 

are described in Chapter III of this thesis. The iriterpretation of 

the data is discussed in Chapter IV. Experiment tells us only what 

the yields are, using certain combinations of projectile and target 

atoms. To distinguish different mechanism for the formation of K 

vacancies we describe theoretical calculations, mostly for IS0 ionization, 

in Chapter V. The theoretical calculations indicate that the IS0 ioni-

zation cross section can be written as 

tS- (1. 1) 

where C and n are projectile velocity dependent constants, Z is either 

the projectile atomic charge in collisions where target K vacancy cross 

sections are measured or the target atomic charge where projectile K 

vacancy cross sections are measured, and UUA is the UA binding energy. 

In Chapter VI, this relation is compared with data obtained when the 

target K vacancy cross sections were measured as a function of the 

projectile charge Z , keeping the projectile velocity constant. The 
1 

projectile velocity dependence of n is found. The Value of n. is 

never as large as theory indicates and possible reasons for this are 
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discussed. Finally we compare this relation with our Kr data and also 

Xe, I, and Br data in Chapter VI I. 

Although this thesis is concerned with K vacancy formation, 

which includes formation of vacancies in the 2po orbital as well as 

the Iso orbital, our interest is centered on K vacancy formation in 

the Iso orbital. For this reason, I shall have very little to say 

about the formation vacancies in the 2po MO. Since our interest is 

also restricted to medium-Z heavy ions, little will be said about the 

2po - 2pn rotational transition on which there is a copious amount of 

theoretical and experimental work. 8,9 A more complete summary of K 

vacancy production mechanisms is in preparation in collaboration with 

10 Meyerhof et aZ. Recent reviews provide a summary of K vacancy 

production in ion-atom collisions with emphasis on light-Z heavy ion 

11 ' .11,12 d l' h '-'1 h 11" 1,13 co :ls:lons, an:lg t pro]ect:l e- eavy target co :lS:lons. 
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II. THEORETICAL METHODS 

Three major theories have been developed to explain K vacancy 

production in light projectile-heavy target collisions. These are 

Plane Wave Born 14 (PWBA), Binary Encounter (BEA};1,l5,16 and Semi­

Classical (SCA) Appro~imations.l7 Although they are not, without 

drastic modifications, applicable in near symmetric heavy:..ion collisions, 

I shall have occasion to refer to them, so it is appropriate to outline 

the way K vacancy cross sections are obtained by these approaches and 

to specify the limits of applicability of each model. We also introduce 

the only model which really is applicable in near symmetric heavy ion 

collisions: the Perturbed Stationary States (PSS) method. 18 ,19 

2.1 Plane Wave Born Approximation (PWBA)13,14 

Cross sections for any elastic or inelastic collision process 

may be obtained in the first Born approximation by calculating the 

transition amplitude between specified initial and final states. K-
/ 

shell ionization is an inelastic process where the perturbing potential 
-+-+ 

V(R,r) is the Coulomb field of the projectile. The transition amplitude 

is defined as: 

(2.l) 

-+ -+ 
where R is the nuclear coordinate and r is the electron coordinate. 

In the PWBA theory, the initial and final wavefunctions, ljJi and <p
f

• 

are approximated by products of eigenfunctions of the Hamiltonian of 

the target atom Ha' which depends only on electron coordinates, and, eigen­

functions of the wave equation for t~e motion of the projectile nucleus 

H. Internal coordinates of the projectile atom are neglected and the 
p 
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projectile\wavefunction is taken to be a plane wave. It is usual to 

approximate the initial target atomic wavefunction by a screened 

hydrogenic Is wave function with charge Z; = Z2 - 0.3. For the final 

state the ejected target electron is described by an outgoing Coulomb 

wave. In calculating the transition amplitude, the integral over nuclear 

coordinates is usually evaluated first .. The problem is then reduced 

to calculating a single time independent matrix element. The cross 

section is obtained (non-relativistically) from: 

(2.2) 

-+ 
where Kf is the finai momentum of the projectile, VI is the projectile 

velocity, and Ef an·d Ei are the final and initial projectile kinetic 

plus electron binding energies. 

It is not our purpose to detail the procedures by which cross 

sections are obtained from these equations. Both the total cross section 

and the cross section differential in the final ejected electron energy 

b b ·,· d 14 
£ may e 0 ta1ne . The cross sections obtained from the PWBA have 

the convenient property of being functions of only two variables, nK 

and 8K. The variable nK is the square of the ratio of the project,ile 

(LAB) velocity to .the K electron velocity: 

(2.2a) 

where EI and Al are the projectile energy and mass number, A is the 

ratio of proton to electron mass, and UK is K electron binding energy. 

. f 20 1· Z The PWBA theory uses a simple Slater screen1ng actor, rep anng 2 

by Z* = Z - 0.3 to obtain the one-electron K shell wavefunction. The 
2 2 
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variable 8K is the ratio of the experimental binding energy to the 

idealized or "Slater rule" binding energy: Us = 0.0136 Z;2 keV. 

In terms of these two variables the cross section can be written as: 

(2.3) 

where ZI and Z2 will consistently be taken in this work as projectile 

and target atomic number respectively. 
. . 21 

Tabulations of the f functlOn 

are available so that cross sections may easily be obtained. 

2.2 Semi-Classical Approximation (SCA)17,22 

In the collisions of interest to us, the nuclei follow practically 

classical paths, Rutherford orbits. The nuclear collision can be speci-

fied by its impact parameter b, and the probability of forming a K 

vacancy along this path can be defined. Studies of the differential 

cross section as a function of b give more detailed information about 

K vacancy production than do total cross sections; also, a more detailed 

theory than the PWBA is needed to predict impact parameter probabilities. 
. 17 . 

The SCA developed by Bang and Hansteen is such a theory. Using this 

method, the amplitude for excitation of an electron from an initial to 

final state is calculated by performing a time integral along a projectile 

trajectory with specified impact parameter b and energy El : 

a. (t-Wf ) b, £', dl): flit: < i;, V(tl/ "'t 7 eL(c.uf -UJ..)t 
... GO 

(2.4) 

The where hW
i 

and hW
f 

are the initial and final electron energies. 

perturbing potential is the projectile's Coulomb field as in the PWBA 

theory. When K shell ionization is considered, the initial wavefunction 
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1.jJ~ is the atomic Is wavefunction and the fihal wavefunction <P~ is 

just the outgoing Coulomb wave for the ejected electron. The projectile 

nuclear eigenfunction (plane wave) is not included here. Since only 

the potentip.l is a function of time, the integral over t is generally 

performed before evaluating the matrix element. In many appb cations, 

we will be interested in the cross section for ionization where hW f 

is the energy of the ejected electron E. Once the amplitude is obtained, 
[ 

the cross section for ionization is obtained by summing or integrating 

over final states and integrating over impact parameter 

(2.S) 

Cross sections differential in final electron kinetic energy E 

and the impact parameter dependence of the total K vacancy production 

probability may also 

~(£.) E) 
de 

?(~E) 

be obtained: 

(2.6) 

(2.7) 

The total cross section has the same scaling properties as the 

cross section obtained in the PWBA theory. P(b,E) and da/dE have 

similar scaling properties: 

- 2~ 

f ( '" I(' ] ete) I e K 
- I 

2,¥oLl 
2 (2.8) 

P (b, e) 
~'L 

~ ('1l1( BK ) I GK 
.:L 
~1r2. ) . 

2. 
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where BK is the ratio of the impact parameter to the target K shell 

radius bl aK and W = £/U
K

• Tabulations of the f and -g functions were 

recently published by Hansteen et aZ. 23 Differential cross sections 

22 have been calculated, but tabulations of the h function are not 

available. 

, 
2 3 Th B' E A" . (B' A)1,15,16 . e 1nary ncounter pprox1mat1on E 

The BEA theory is a classical theory. The ejection of a K shell 

electron into the continuum is viewed as the Rutherford scattering of 

the electron by the projectile with an energy transfer to the electron 

in excess of the K elec'tron binding energy. We should keep in mind 

that the maximum energy transferred in Rutherford scattering collisions 

, 14 
1S 

(2.9) 

where J.l is the reduced mass between the projectile of mass M and the 

electron of mass m and v2 and VI are the initial electron and projectile 

velocities. If the electron velocity v
2 

could be neglected, K shell 

vacancy production would be a trivial problem. 3 However, for a 30 MeV 

Br projectile the maximum energy transferred to an electron at rest is 

only 0.8 keV which is insufficient to produce Kvacancies in any element 

heavier than Na. In slow ion-atom collisions then, it is the initial 

electron motion within the atom when it strikes the projectile, which 

allows ionization to occur. 

In Eq. (2.9) one can usually neglect the v~ term which enters 

to order m /A M, where m and A M are the electron and projectile masses. 
I I I I 

We can also neglect the v2 term which is only of order 0.8 keV in our 
I 
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example. the minimum initial electron kinetic energy E2 required to 

give an energy transfer UK is given by 

q. ( M - m) '\),11, 
M,trTl 

Y. 
L\ r£,El-/(~A,)] 2 

(2.10) 

For 30 MeV Br exciting Br, E2 must be at least S6 keV, i. e. the Br K 

electron must be traveling at twice its average velocity v
K 

or with a 

kinetic energy equal to four times its average kinetic energy. Quantum 

mechanically the Br 1s electron has a probability f(v
2

) of having the 

required velocity v2 • This probability is given by the absolute square 

of the momentum wavefunction which is the Fourier transform of the K 

shell configuration wavefunction. 15 For a hydrogenic 1s electron: 

32 
1f (2.11) 

1 2 where Zmv 0 is the idealized or "Slater rule" binding energy. The 

probability of the K electron traveling at twice its average velocity 

is not very large, and correspondingly the 1s ionization cross section 

will not be very large either. As EI decreases, the initial electron 
" 

energy must be even greater so the probability f(v
2

) and thus the 

cross section will be even smaller. 

To develop a classical theory, therefore, one must calculate 

the cross section for an electron of initial velocity and direction 

-+ 
v

2 
Rutherford scattering from a projectile with initial velocity and 

-+ 
direction v with an energy transfer ~E. The average over the direction 

I 

-+ . -+ 
of VI relatlve to v

2
' constrained to a specified energy transfer ~E, 
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'. 24 25 . 
has been evaluated by GerJuoy and others, so that a scattering 

cross section depending only on the scalar quantities L'lE, VI' and v
2 

is obtained. The total cross section for energy transfer L'lE by a 

projectile with velocity VI may then be obtained by averaging over 

the quantum mechanical velocity distribution f(v
2
): 

~ '" f ("1 )~'\T2. ~ (Ali, ". ) v~J 
o c1 OE 

(2.12) 

The ionization cross section differential in final electron kinetic 

energy is 

(2.13) 

and~the total ionization cross section is 

(2.14) 

As with the PWBA and SCA theories, scaling relationships exist and 

tabulations of f(nK,8K) are available, but only, as far as I know, 

1 for 8K = 1. . 

The impact parameter dependence of the probability for ionizing 

a K electron cannot be obtained' in a straightforward manner but can 

be inferred by considering the integral over v
2

• Classically, a velocity 

vJ
2 

implies the electron must be orbiting at a distance from the target 

nucleus given by the Bohr atom relation: 

-- l fi,"3.. 
1 -r (2.15) 
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16 26 The integral over v may be transformed to: ' 
2 

where per) is the electronic density. The probability, P(b,E), can be 

defined as 

P(b,E) scales similar to Eq. (2.8) and tabulations of scalable probabil­

ities are available. 16 

The cross section obtained in this way generally agrees very 

well with experiment and with the PWBA and seA theories. 1 Few measure-

ments have been made of impact parameter probabilities. In this case 

the seA theory gives different predictions for P(b,E), but so far, it 

o obI h O h hOb I 27 1S not POSSl e to say w 1C t eory glves etter resu ts. 

A common criticism of the BEA theory is that it does not take 

into account the distortion of the target K shell wavefunction and, 

therefore, of f(v
2

) due to the presence of the projectile. For very 

heavy projectiles this distortion results in increased binding of the K 

electron, because it is attracted to both the projectile and target nuclei. 

The added binding shifts f(v
2

) to higher average velocities ° This 

criticism however is not limited to the BEA theory but to the seA and 

PWBA theories as well. All assUme that the initial and final atomic 

wavefunctions are not affected by theproj ectile atomic number, i. e. 
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Z1 is sufficiently small compared to Z2' so that very little distortion 

and increased binding takes place. Attempts have been made within the 

framework of the BEA theory to take into account the added binding 

effect by using the VA charge Z + Z - 0.3 in place of Z2 - 0.3 and the 12 

VA binding energy'instead of the SA binding energy where ever these 

quantities appear. 57 This has met with some success in predicting 

total cross sections and has recently been partially justified theoret­

ically by Basbas et at,73 Madison and Merzbacher,13 and Briggs. 28 

Still, the PWBA, SCA, and BEA theories are basically unusable if one 

wishes to calculate cross sections and impact parameter probabilities 

in heavy ion collisions where these distortion and binding effects 

become overwhelmingly important. 

2.4 
. ' 18 19 

The Method of Perturbed Stat10nary States (PSS) , 

The PSS method accounts for the added binding effect by recogniz-

ing that the wavefunctions and energy levels should be eigenfunctions 

of the molecular Hamiltonian: 

H -

+ + 

2m 

Z e~ 
I 

(2.18) 

where R1 and R2 are the nuclear coordinates of the projectile and the 

target nucleus. Both the energy levels and wavefunctions are functions 

of time through their dependence on the internuclear distance R. As 

in the SCA theory, the amplitude for excitation is calculated: 

(2.19) 
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There the perturbing potential is: 

Vtt) - ,,<t 
dt 

(2.20) 

where 8 is the angle between the beam direction and the internuclear 

axis. Coupling due the first term is called radial coupling. States 

of the same parity· and angular momentum projection A along the inter-

nuclear axis are coupled together. The second perturbation causes 

Coriolis or Rotational coupling and states of the same parity but A 

quantum numbers differing by ±l are coupled together. If the collision 

takes place in the X-Z plane with the incident projectile moving parallel 

. a 
to the Z axis, the term 8 ae may be written in the UA 1 imi t as: 

• 
e~ 

ae 

where L+ and L are the familiar raising and lowering operators. 

(2.21) 

Implicit in the PSS method is the requirement that the projectile 

should be moving sufficiently slow to justify the use of adiabatic 

molecular wavefunctions as a basis set. For the lS0 wavefunction, 

"sufficiently slow" means vI!vK « 1 or at least vJvK ~ 1. Clearly 

if the K electron velocity vK is much greater than the projectile 

velocity VI' the electron is moving fast enough to adjust its motion 

to the presence of the projectile's· Coulomb field. If it is moving 

much slower than the projectile, however, we can imagine that the 

proj ectile completely traverses the K shell before the K electron 

wavefunction distorts very much from its atomic wavefunction.· For 

excited states the same criterion applies except that vK is replaced 
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by v , the electron velocity appropriate to the state in question. c 

This.implies that there is always a band of states below and in the 

continuum which cannot be described adiabatically. 19 32 Thorson ' 

defines the limits of this band for H+ + H collisions, but those 

limits are general: 

(2.22) 

where EI is the Clab) ion energy and AIM is the mass of the projectile 

ion. This is equivalent to VI/VC < 2, and the difference between this 

criterion and VI/Vc < 1 is insignificant. Much effort has been devoted 

to obtaining outer shell adiabatic 3so, 4so, 4po, 4so, etc. molecular 

33 wavefunctions for systems as light as Ne + Ne. Clearly, though, these 

wavefunctions are virtually useless in collision problems if they do 

not meet the preceding criterion. 

In Fig. 2, the energy levels of states described by MOs are 

drawn as a function of the internuclear distance. Aside from the two 

kinds of coupling that were discussed"transitions between Mas may be 

usefully classified as degeneracy mediated processes or processes 

requiring energy transfer. 

Some typical examples of degeneracy mediated processes can be 

seen in these diagrams. For instance at the crossing of the 3do and 

3so energy levels, Landau-Zener transitions due to radial coupling 

29 may occur. An electron initially in the 3do orbital has a probability 

of jumping to the 3so orbital as the two nuclei come together and a 

probability l-w of staying in the 3so orbital on the outgoing part of 

the collision. Neglecting quantum mechanical interference effects, 
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the total probability for an electron jumping from the 3do orbital 

to the 3so orbital in a complete collision is 2w(1-w). Another 

degeneracy mediated process can occur at small internuclear distances 

where the 2po and 2pTI orbitals overlap. Coriolis coupling mixes the 

two wavefunctions so that a 2po electron may jump to the 2pTI orbital 

. h 11" 9 1n t e co lSlon. Still another example can ,occur at large inter-

nuclear distances where the 2po and Iso orbitals approach each other. 

There radial coupling can mix the Iso and 2po MOs strongly. A Iso 

electron may be promoted into the 2po orbital if there is a vacancy 

. h b' h' . d D k l' 30 1n t at or 1tal. T IS process 1S calle em ov coup lng or vacancy 

h . 31 s ar1ng. 

Degeneracy mediated processes are classed as such because they 

usually involve an electron jump from one MO to another at an inter-

nuclear distance where the MO energy levels are degenerate. The energy 

levels need not be ex-actly degenerate; it is sufficient that the energy 

difference be small.* In this regard, the Demkov process is not 

exactly a degeneracy mediated process when applied to asymmetric 

collisions where the 2po- Iso energy difference is finite at large R. 

It is a degeneracy mediated process for Zl ~ Z2 and a process requiring 

energy transfer for Zl much different than Z2' 

Processes requiring energy transfer are comparatively weak. 

The proton ionization of a K electron in a heavy target atom is such 

a process. Likewise, in a near symmetric collision, the excitation 

of an electron from the Iso, 2po, and other tightly bound molecular 

* I have no definition of sufficiently "small". Probably, the energy 
transfer 6Eshould be smaller than the equivalent-electron projectile 
energy mE1/(A1M). 
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orbitals to the continuum is also a process requiring a large energy 

transfer. The Iso electron can also be excited to the 2pn orbital 

and other less tightly bound MOs, and this process would also require 

a large energy transfer. As opposed to degeneracy mediated processes, 

processes requiring energy transfer involve an electron jump from one 

MO to another MO which are separated in energy at all internuclear 

distances by a finite amount. 

The classification of electronic excitation processes into these 

two different kinds of processes is a classification into strong and 

weak processes. When energy transfer is required, the probability of 

exciting electrons in the molecule is small. This can be seen by 

examining the oscillatory part of the integral in Eq. (2.19). Let us 

t 
take J (wf(t') - w. (t'))dt' as approximately wt, and for excitation 

o 1 

out of the Iso orbital hw is of the order of UK. We expect that. the 

matrix element, Vfi(t) in Eq. (2.19) peaks or falls off over a distance 

R = a
K

.· Hence over the range of the integration (- 4aK) the integrand 

undergoes vK/ (nv 1) oscillations. Since VI/VK « 1 in order for the 

molecular model to hold, there will be many oscillations similar to 

what is shown in Fig. 3. A small final amplitude will result when we 

integrate aCt). In the real part of aCt), positive contributions 

corning from positive values of the cos(J
o
t 

(wf(t') - wi (t'))dt') are 

cancelled out by negative contributions coming from negative values 

of the cosine. Note that in the Iso orbital hw(R) becomes much greater 

than UK at small R. This will simply mean that the integrand oscillates 

more rapidly over the range of integration. The 2po energy gap stays 

approximately constant in symmetrical collisions and equal to UK· 
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In degeneracy mediated processes, however, there is an inter-

nuclear distance or time where wf(t) = wi (t). At this point the 

integrand in Eq. (2.19) t temporarily stops osciHating. In integrating 

from - 00 to +00 , there will be two large, positive contributions to 
) 

the real or imaginary parts of the amplitude (depending on whether 

Vfi (t) is even or odd in time). The resulting probability for the 

exci tation of an electron ·can be very large. 

This argument emphasizes the importance of the energy gap in 

its effect on the amplitude for the excitation of electrons from MOs. 

The energy gap is much more important than the matrix elements. In 

calculating a probability for some process requiring energy transfer, 

if we were to decrease the magnitude of the matrix elements by a factor 

of two, or if we increased the energy gap by a factor of two, both 

effects would· decrease the probability. Tne change due to affecting 

the energy gap, however, would be very much larger. Finally all that 

we have said here is true only where v1/VK « 1, i.e~, where the 

molecular model applies. The importance of the energy gap will be 

less and the classification into degeneracy mediated and energy 

transfer processes will break down when v1/VK approaches unity. 

Clearly, if V1/VK » 1, then the integrand in Eq. (2.19) will not 

oscillate·at all, and it will be the matrix elements that will determine 

the electron excitation probabilities. 

A modification that must be made to the wavefunctions in the 

PSS method is to include translation factors. The point of origin of 

'Equation (2.19) can only strictly be used for weak coupling processes. 
For strong processes, one has to solve coupled differential equations 
[see Eq. (B.4)]. 
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the molecular wavefunctions is the center of mass of the colliding 

system and not the moving projectile or recoiling target atom. To 

preserve Galilean invariance the molecular wave functions are modified 

to include a factor: 19 ,34,35 .. . .. .. ..... ...,. 
'liMO (;, R) ~ 'fIG.O.M. (r) R) elP[t rn'\l· R F(f") R) /1\ 

(2.23) 

+ i. rn'\1l. t 121' ] 

where v is the velocity of the center of mass in the lab system and 
-+ -+ 

f(r, R) is a function which must have the following properties: 

-+ -+ -+ -+ 
f -+ +1 when IR1(t)-rl » IR2 (t) - rl 

-+ -+ .-+ -+ 
f -+ -1 when 1Rl (t) - rl « IR2(t)-rl 

f -+ 0 when R -+ 0 (2.24) 

and f must preser'Ze orthogonali ty between wave functions. The importance 

36 of the translation factor increases with the amount of energy transferred. 

In degeneracy mediated processes, it can be neglected. The main effect 

of the factor is to modify the matrix elements; without it, some matrix 

elements tend to be spuriously large at large internuclear distances. 

-+-+ 
A suitable choice of f(r,R) minimizes these spurious contributions. 

Together with the difficulty of evaluating the highly oscillatory 

trajectory integrals, the difficulties of optimizing the translation 

factors to preserve the conditions of Eq. (2.24) and of reducing 

spuriously large matrix elements make the PSS method a difficult 

method to use. 

For symmetric collisions, the impact parameter probability and 

cross sections calculated with the method of PSSobey the following 
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scaling relations: 37 

pi. ( b/a.t( ) 1\~ ) - p' (b/(lol n:) -
L <s I (nJ(1f J 

(2.25) 

() ~ ('YI;) -- 1.2 

H Z where Z = Z = Z a is the Bohr radius, and nK and nK are the 
1 2 ' 0 

familiar scaling parameters defined for the PWBA scaling law [Eq. (2.3)] 

for p + H collisions and Z + Z collisions respectively. This scaling 

law ignores the effects of Coulomb repulsion and scr.eening. For 

symmetric collisions, the distance of closest approach of the two 

nuclei in head-on collisions is 

0,00218 -l a 
- - I( 
-'1'fJ( It, 

(2.26 ) 

The scaling relations will only hold if Z/A
1 

is kept constant. Since 

in medium-Z heavy ion collisions 
+ . 

it is better to use D + D 

cross sections instead of H+ + H cross sections in Eq. (2.25). It is 

also easy to calculate cross sections for hypothetical particles of 

charge 1 and mass A/Z. We expect that Coulomb repulsion effects will 

be small; therefore this will change the results in only a minor way. 

For asymmetric collisions, the following relations must hold 

if we neglect Coulomb repulsion effects: 38 

P "I., (G.. h/a. 1/ ~, ) 
J 1(,) I( -= p' (Q./ b/aO ) 7JJ(H) 

::;1. 0 (~I 71:) 
J 

(2.27) 

,.. 
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where Q is the ratio of Z2 to Zl. We should mention that the solution 

of two-center one-electron wavefunctions is not limited to integral 

atomic numbers. Therefore, Br + Zr cross sections could easily be 

fOWld by scaling p + (Z = 1.1428) cross sections. 

One of the important open questions in K vacancy production 

is the dependence of pZ and OZ on Q. So far this question has been 

. d I f h 2 2 . 38 examlne on y or t e po - pTI promotlon process. In other cases 

an experimental approach has been attempted, as described below. 

We have made a PSS calculation for excitation of a Iso 

electron to the continuum and return to this method in a later 

chapter. 
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III. EXPERIMENT 

Al though from the point of view of the PSS theory, K vacancies 

are made in MOs, one usually measures the K x rays of the separated 

atoms. Extensive measurements of K x ray cross sections for heavy Lon 

bombardments with a wide variety of targets had not been made previously 

except for a couple of cases. Kubo et aZ 39 made a series of cross 

section measurements with 45 to 94 MeV Ni ions and 45 to 110 MeV Br 

ions. 
10 . 

Meyerhof et aZ made thick target yield measurements with 30 

and 60 MeV Br and 47 and 80 MeV I ions. In this chapter we report on 

measurements made with 200 MeV Kr ions at the Berkeley SuperHILAC. 

When we began this work, the theory of K vacancy formation was 

not developed to the point (and still isn't) where highly precise cross 

sections were required. We thought it more useful to make survey experi-

ments with a wide range of targets and to measure thick target yields 

rather than concentrating on single systems obtaining, for instance, the 

ion energy dependence of cross sections using gas targets or very thin 

foils. Theoretical thick target yields may be obtained from predicted 

cross sections fairly accurately, and cross sections may be obtained 

from experimental thick target yields less accurately. Except for the 

multi-collision mechanism which affects the experimental 2pa cross 

sections, as will be described below, no other solid state effects 

that we know of affect our extracted cross sections sufficiently to 

change the conclusions we draw from them. In particular, for the high 

energy heavy systems of interest here, recoil effects are not important:
4 

Since our interest was to examine the regions where strong and weak 

coupling mechanisms prevail, we had to do measurements of yields 

differing by six orders of magnitude or more. Therefore, cross sections 
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accurate to within a factor of two seemed a sufficient goal. This 

chapter describes the measurement of thick target yields and the 

following chapter describes the results. 

Figure 4 shows a schematic of the experimental setup. A 200 

81t +21 . 
MeV Kr beam entered the target chamber through a 0.125 to 0.1875 

inch collimator and was directed "onto a thick (0.0005 to 0.005 inch) 

foil tilted 45° or 60° to the beam direction. The entire chamber was 

insulated from the beam line and the beam current was monitored by 

connecting the chamber to an integrator (made by Brookhaven Instruments 

Corporation). An electron suppressor was sometimes used between the 

collimator and chamber to prevent both a spray of electrons scattered 

from the collimator from entering the chamber and a back-spray of 

electrons from the target from leaving the chamber. An intrinsic Ge 

x ray detector with 0.010 inch beryllium window viewed the front of 

the target through an 0.001 inch beryllium window on the chamber. 

An intrinsic Ge planar or Ge(Li) coax y-ray detector viewed the back 

of the target. Its main purpose was to provide an instantaneous 

relative measure of the beam intensity to feed into the deadtime 

circuit (see below). Depending on the x ray energy and its intensity, 

the x ray detector-to-target distance was varied from 1.25 to 7 inches. 

Calibrated Al absorbers were sometimes used to attenuate unwanted 

radiation. Photons between 4 and 200 keV were detected in this work. 

To measure the deadtime of the counting system we used a 

"crossed detector trigger system". Signals from the fast discriminator 

on the y-ray detector were fed into a pre-scalar that provided 

one pulse for every 10 to 10,000 input pulses. The scale down factor 

was varied depending on the counting rate. This pulse was delayed 150 



TI 

Fig. 4. 

amplifie 

X-Ray 
Planar or 

COAX 

or~ 

X-Ray 
Planar 

Int.· Ge . 

Collimator 
-300V 

...-Beam 

Electron 
Suppressor 

T.l.: trigger in; T.O.: trigger out; Sc.Dn.: Scale 

down; S.C.: Scaler; Q: integrator. 

T. I. 

q 

T. I. 

ADC 
PDP-7 

DC 
DP-7 

11-8986 

I 
N 
00 
I 



:. 

0 0 '1.1 d el'J ~ 
j" '\ 

oJ 
'C '",~ 

"'-.~ 
~~ \,) oJ ~j 

-29-

llsec which then triggered the pulser on the x ray detector. The 

number of pulses fed into the x ray detector was recorded and the 

number of pulses appearing in the discrete pulser peak in the x ray 

spectrum was later determined. The deadtime correction D is the ratio 

of these two quantities; it geperally varied between 1. 00 and 1. 5. 

A pulsed opto pre-amplifie~ was used for the x ray detector40 

and a standard resistor feedback pre-amplifier was used for the 

y-ray detector. Pileup rejectors, having better than 200 nsec pulse 

pair resolution, were always employed. Data was taken on Diamond and 

41 Stephens' PDP-7 computer system and peak summing, background subtraction, 

and other data analysis was also done on that system. 

The yield of x rays of energy Ex in photons per projectile is 

defined as: 

(3.1) 

where C is the number of counts in the x ray peak of energy E , Q is x 

the number of coulombs of charge as measured by the beam integrator, 

q is the charge state of Kr +21 ± 2, A is the attenuation corrections 

for absorption by air, by the beryllium window, and by any aluminum 

42 43 
absorbers placed between the detector and the chamber, , F(E ) is 

x 

the efficiency of the x ray detector taken at a standard distance using 

calibrated y-ra:y sources, and G is the geometry factor which corrects 

F to the actual distance from the target to the detector. The geometry 

factor is not .expected to be photon energy dependent for this thin 

planar detector. 

The uncertainties in these quantities were estimated to be: 
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Q,q 10% 

F,G 15% 

A 15% 

D 5% 

C 1 to 100% 

Generally the yields were very high and many counts could be obtained 

so the statistical uncertainty in C is small. For the K x rays of 

targets with Z> 80, however, few counts were obtained with a consequent 

increase in the statistical uncertainty. Most serious are cases where 

the K lines of the projectile lie in the region of the L or K 1 ines 

of the target atom (Kr + Au, Pb, Bi, and U and Kr + Br, Y). In these 

cases high uncertainties resulted. 

Assuming the Ka and KS peaks are clearly separated (Z ? 25), 

the yield of K vacancies is 

Y = [Y(Ka) +Y(KS)]/W
K 

(3.2) 

h . h f . ld 44 were wK 1S t e luorescent Y1e . Since most fluorescent yields in 

this work were on the order of unity, any change in wK due to high 

stripping of the target or projectile should be small. Fluorescent 

yields do not change appreciably from their neutral atom values unless 

the atom is stripped to much less than ten electrons, an unlikely 

possibility at these low energies. Hence neutral atom values of wK 

were used in this work. 44 

If theoretical cross sections were available, they could be 

compared with thick target yields by integrating over the range of ion 

energy. Assuming the target is tilted 45 0 to the beam and the detector 

views the front face of the target at right angles to the beam, the 

yield is14 

:: 
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(3.3) 

where n
2 

is the target atom density, SeE) is the stopping power of a 

Kr ion of energy E in the target material,45 R(E) is the thickness 

that an ion initially of energy El has penetrated before slowing 

down to energy E, and l.l is the attenuation coefficient for the Ka 

. 42 43 or KS x-ray of Kr or the target atom in the target mater1al. ' 

Since the maximum penetration of the ion is only about 0.001 cm, the 

absorption factor can be neglected except for very low energy x-rays. 

Expression (3.3) is not valid if recoil effects are important, but 

we have verified that they are not for the cases of interest. 

Differentiating Eq. (3.3) one can obtain the cross section if 

the energy dependence of the yield is known: 

(3.4) 

To obtain approximate cross sections, we have fitted the yield to a 

simple power law: 

Y(E) 

then 

E m 
1 

(3.5) 

By comparing 30 and 60 MeV Br (Z = 35) yields with 200 MeV Kr (Z = 36) 

yields and 47 MeV I (Z = 53)\ yields with 325 MeV Xe (Z = 54) yields, 

we have obtained m values accurate to about 20% for each projectile 

and target yield. Cross sections accurate to about ±40%could' therefore 
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be obtained. 

For encomters between Kr ions and target atoms with 60 < Z < 92, 

the target K yields are complicated by backgromd due to nuclear 
-

events. With the exception of Pb and Bi, nuclei fomd in nature in 

this region tend to be deformed and have low lying states which are 

\ ) . 51 
strongly Coulomb excited by 200 MeV Kr 1ons. This excitation is 

followed by the emission of a y-ray or internal conversion. In 

internal conversion, the transition energy is used'to eject an inner 

shell target electron into the continuum, thereby making inner shell 

vacancies. A conversion coefficient UK(Z2,ATI,Ey) which gives the 

number of K vacancies created per y-ray emitted can be computed. 52 

It depends on the target atomic number and the multi-polarity, 

parity, and energy of the y-ray transition. If the number of y-rays 

from each excited state is measured, the total number of K vacancies 

formed is: 

= (3.6) 

The yield of y,..rays can be obtained similar to the way the yield of 

Ku or KB x-rays was obtained. A Kr ion impinging on a nucleus in this 

region may easily excite the first five or six nuclear states in the 

ground rotational band. In principle, therefore, all we need to do 

is measure the y-ray yields and use theoretical conversion coefficients 

(reliable to within 2%) to obtain the backgromd K vacancy yield. 

This can be subtracted to obtain the atomic excitation yield. The 

subtraction of two numbers which have relative errors of 10% or more 

introduces serious uncertainty. We discuss the data in detail in 

Appendix A. 

.. ' 
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Most of our work was done at 200 MeV, an energy which is 

effectively as low as a SuperHILAC beam can be well focused, but which 

is not so high as to destroy adiabaci ty (v /vK - 0.3). Also at higher 

energies (~. 330 MeV), the Kr ion has enough energy·to exceed the 

Coulomb barrier in many light nuclei. Hence nuclear reactions occur 

which complicate the interpretation of the SA yield. 
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IV. . EXPERIMENTAL RESULTS 

Aside from the experimental problems of relating thick target 

yields of SA x-rays to cross sections, there is the theoretical 

problem of relating the cross sections for SA x-rays to cross sections 

for excitation out of molecular orbitals. A vacancy in the heavier 

or lighter collision partner could have been formed in a number of 

different ways. in the quasi-molecule during the collision. Therefore, 

the interpretation of the data is not straightforward. , 

4.1 Basic Relations 

During a collision, a vacancy may be formed in either the 2po 

MO or the Iso MO. How it is formed in each MO is discussed below. 

Here we point out that although the 2po MO correlates to the K shell 

of the lighter collision partner, and the Iso to the heavier collision 

partner on our correlation diagrams, this does not mean that 2po 

vacancies necessarily end up in the K shell of the lighter and Iso 

vacancies necessarily end up in the K shell of the heavier partner. 

The 2po and Iso orbitals are strongly Demkov coupled at large 

distances. 30,31 We can define a probability w that during the outgoing 

part of the collision, a vacancy in the 2po orbital jumps to the K 

shell of the higher-Z partner, or conversely, a Iso vacancy jumps to 

the lower-Z partner. Then the cross section for making vacancies in 
.' 

the heavier (H) and lighter (L) partner is: 

(4.1) 
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The 2po cross section is much larger than the Iso cross section so: 

6'K(L) ~ .~-W)6ip() (4.2a) 

OK (H) O-W) <fis(f' + wG"iptf' Cb) 

and within the same approximation, 

6 2 pc> OJ( (1-0 1" 61( (L) (c) 

~ (J. (H) -.-!!.. (f. ( L ) 
/-2W I( / -2w I( Cd) 

In the limit where the energy difference between the 2po and Iso 

orbitals approaches zero (symmetric collisions): 

(4.3) 

Because of the large difference between the 2po and Iso cross sections, 

it is impossible to extract the Iso cross section in symmetric or near 

symmetric collisions by measuring the x-rays of the higher-Z SA. It 

is necessary for w to be small so that the second term in Eq. (4.2d) 

can be neglected 

30 A simple formula for the probability w was developed by Demkov 

31 and Meyerhof for collisions with zero impact parameter. Assuming 

0lso can be neglected, the formula predicts that the ratio of vacancies 

in the higher to the lower collision partner should be: 

where 

w -
I-HI 

- 2x e 

.J,. - .1-

2,. ::. .".1\ / (J,/,(H) - 0c~(L) / /(2m)~ ~ 

¥- I I r. (H) -1Yz.(LJ / 

\ 
, 
! 
'J 

(4.4) 

(4.5) 
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Here, v is the ion velocity in atomic units (2.18 X l0 8 em/sec) and 

I(H) and I(L) are binding energies in keY. This formula was first 

applied by Meyerhof31 to a great amount of Ni, Br, and I data and was 

found to fit particularly well. Since then other experimental work 

confirmed the formula. 46 Also PSS calculations have given results 

,t,47 48 
in accord with the simple formula. T ' 

The cross section for the production of vacancies in the 2po 

and Iso orbitals comes from contributions from the following terms: 

o 2Pcr (JR 
u. u 

6"1\1 5 + 6'M.C. = 1- Oc + ()IIS of .. 

6"'S(5" = (4.6) 

Here oR is the cross section for the 2po to 2pn rotational coupling 

transition,59 0c is the ionization cross section, 19 0HS is the cross 

section for excitation to high lying bound states excluding the 2pn 

orbital, and oMS is the multi-step cross section where an initial M or 

N shell vacancy Demkov couples into the 2pn orbital early in the 

collision allowing 2po - 2pn transitions to take place. 49,50 I f the 

projectile is the higher-Z collision partner, a multi-collision 

process can occur in which a projectile L vacancy lives long 

enough to enter the 2pn orbital in a second collision, again 

allowing 2po - 2pn transitions to occur. The corresponding cross 

fDeviations have been noted: Taulberg et aZ75 have done PSS calculations 
that predict deviations at high velocities in asymmetric collisions. 
Taulberg and Briggs47 also predicted deviations at very low velocities 
in Ne + 0 collisions, but recently reported that those deviations we~e 
due to numerical errors in their computer code. Stolterfohtet aZ4 

have experimentally observed deviations in very light collision 
systems (Z < 6) . 

\ 
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Fig. 5. Correlation diagrams for arbitrary symmetric encounters 

showing possible excitation processes. 
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section is called crMC . One other possibility is a multi-collision­

multi-step process. If the projectile is the lighter partner, 

projectile L vacancies may live long enough to enter a second 

collision and Demkov couple into the 2pTI orbital early in the second 

collision. We shall consider such a process as a multi-collision 

process. 

If the rotational coupling process were not so strong the multi-

collision and multi-step processes would not be important. Normally 

rotational coupling is blocked in the systems of interest to us 

because no initial 2pTI vacancies are present in projectile and target 

atoms with Z> 10. +21 Even Kr has all of its L shell filled so that 

no rotational transitions are allowed using this highly stripped 

projectile. Effectively, the multi-collision and multi-step processes 

allow 2pcr- 2pTI rotational coupling to take place even in systems where 

Z > 10 by providing vacancies in the 2pTI orbital by means other than 

stripping the collision partners down to less than ten electrons. No 

process analogous to the strong rotational coupling process takes 

place in the Iscr orbital so multi-collision and multi-step terms 

need not be included there. 

Finally, Eqs. (4.1) to (4.6) apply only where Zl/2 < Z2 < 2Z 1 • 

Outside of this region, the projectile or target K shell will correlate 

to shells other than the 2pcr and Iscr, hence the SA yields may be a 

measure of 3dcr excitation or some other process. 

4.2 Thick Target Yield Data 

Figure 6 shows projectile and target thick target yields for 

200 MeV 64Kr+21 lOons. ThO fO ° ° 11 . d t IS Igure was orlglna y prepare 0 compare 

the cross section for these nearly symmetric collisions with PWBA 
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Fig.b. Thick target yields for 200 MeV 84Kr ions. Triangles: Kr K 

vacancy yields, solid circles: target K vacancy yields. 
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Other curves explained in text. From Meyerhof et at. 
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calculations. An extension of the simple PWBA has been proposed to 

account for Coulomb deflection of the projectile and for the fact 

that the Iso binding energy becomes larger during the collision. 4 

P
l 

and Pz give the PWBA calcu~ated cross sections for the projectile 

and target respectively. PC gives the PWBA result modified for Coulomb 

deflection and binding effects. Cross sections calculated by these 

models were integrated over the range of the projectile using Eq. (3.3) 

to obtain thick target yields. Looking at this figure, a number of 

points are clear. The binding energy corrections over-correct the 

yields, giving cross sections which are much too low. The uncorrected 

PWBA theories hardly fit the data at all except fortuitously near 

Zl = Z2· None of these calculations predict the peak in the projectile 

yields observ,ed at Z2 ~ 40 and Z2 ~ 82. In short, as WE! expect from oUr 

theoretical discussion of the PWBA, SCA,and BEA methods, the atomic model 

and even the corrected atomic model fails almost universally to predict 

cross sections in near symmetric heavy ion collisions. 

Let us turn now to the molecular interpretation of the data. 

Figure 7 shows the same data as Fig. 6 but is divided into several regions. 

In region I, the Iso orbital correlates to the projectile Is state and 

the 2po to the target Is state. The dash-dot curve estimates the 

contribution to the projectile K x-ray yield through Demkov sharing 

of target K vacancies. This contribution is small so we believe that 

most of the projectile x-ray yield comes from direct Iso excitation 

either to the continuum or to high bound states Cae + 0HS). An 

insignificant number of vacancies are transferred to and from the 

Iso level. The target K vacancies originate mainly from 2po excitation 

C except where Z 2 < !.z Z 1 from 3do exc ita t ion) and are a direct measure 
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of the 2pO' cross section O'
MC 

+ O'
MS 

+ O'
C 

+ O'HS . Because there should 

be no vacancies in the Kr L shell, rotational transitions from the 

2pO' to 2pn orbital are not allowed in these cases except through the 

multi-step and multi-collision processes. 

In region II, the IsO' again correlates to the projectile K shell, 

and the 2pO' to the target. Here, however, the Demkov contribution from 

the target K shell to the projectile K yield overwhelms the direct 

excitation contribution. The target yield is still a measure of the 

2pO' cross section except near symmetry where up to ha-l f of the 2pa 

vacancies are transferred to the projectile. 

In region III, the 2pO' orbital correlates to the projectile K 

shell and the IsO' to the target K shell. The Demkov transition 

probability from the 2pa to the target K yield overwhelms the direct 

IsO' excitation in this case also. Here, the projectile K yield is a 

measure of the 2pO' cross section, and the target K yield is an 

indirect measure of the 2pO' cross section through the Demkov 

transition probabilities. 

Finally, in region IV new effects occur. The projectile K 

shell becomes degenerate with the target L shell and eventually 

correlates to the 3dO' orbital. Therefore, the projectile yield is no 

longer a measure of the 2pO' cross section, but probably of the 3dO', 

2pn, and 2sO' cross sections. We have-not investigated this level 

matching effect and will not discuss it further.* 

The target K vacancy yield observed in region IV comes from 

two processes: internal conversion of Coulomb excited y-ray transitions 

*Foster et aZ57 have also noted this effect. Fortner76 has discussed 
3dO' excitation in Cl + C systems. 
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and direct Iso excitation to the continuum and high bound states. In 

Fig. 6 we show uncorrected yields; in Fig. 7, we show yields from 

which the y-ray internal conversion contributiorrwas subtracted using 

procedures di scussed in Chapter II I and Appendix A. The corrected K 

vacancy yield for the heavier collision partner should give a measure 

of the cross section for ionization and excitation of the Iso electron. 

In Fig. 8 we show other thick target yield data measured by 

Meyerhof et al. 10 Similar conclusions about the origin of these 

yields in various regions can readily be made. 

4.3 Scaling Laws 

Meyerhof has attempted to develop scaling laws to predict the 

2po and Iso cross sections obtained from this work and by other workers. 

We mentioned earlier that the PSS method does not provide much 

guidance in predicting how a cross section obtained for a certain 

projectile velocity and combination of 21 and 22 is related to a 

cross section for different velocity and combination of 21 and 2 2 . 

In addition, few PSS calculations of the multi-step, ionization, and 

bound state excitation cross sections have been made so that no comparison 

between theory and experiment is possible. Using the expected scaling 

relations [Eqs. (2.25 - 2.27)] as a partial guide, Meyerhof has searched 

for general scaling laws which group all of the 2po and Iso cross 

sections on a single curve or two curves. The conclusions which one 

might reach if successful in this endeavor are a subject of considerable 

debate in the atomic physics community. It has been pointed out that 

although one can develop a scaling law that approximately predicts Pb 

K cross sections for p + Pb encounters as well" as for Kr + Pb encounters, 
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this in itself does not allow the conclusion that the measured Kr + Pb 

cross section is necessarily due to the K shell ionization, al though 

one knows that the p + Pb cross section is. If it turns out that 

these two cross sections are due to two different processes, one 

will be hard pressed to explain why they fit on the same curve. In 

any case, the curves obtained by Meyerhof group the data within a 

factor of ten, so there is room to introduce other scaling law curves 

and to explain differences in terms of other processes. At the very 

least, the scaling law curves have been of considerable use to us in 

planning experiments and in analyzingMO x-ray yields where no 

measured Kvacancy cross sections were available. 

The first scaling attempts followed what is expected from Eq. 

(2.25). The 2po and Iso cross sections for symmetric collisions were 

multiplied by Z2 and were plotted as a function of nK = E1 /(A 1 AUK). 

The 2po data was obtained by measuring K vacancy cross sections in 

symmetric collisions. The Iso cross section was extrapolated from 

very asymmetric collisions assuming that for ZI > Z2 the projectile 

ctoss section or thick target yield is the Iso cross section and is 

a smoothly decreasing funct~on of Z2' For Kr, there are few points 

on which to base such an extrapolation. A rough extrapolation would 

follow the straight line shown in Fig. 7. Better examples can be found 

in Meyerhof's 30 MeV Br work and especially in the 47 MeV I work shown 

in Fig. 8. Figure 9 shows the resulting scaled data and compares with 

theoretical predictions of p + H ionization cross sections made by 

Thorson et al. 19 (The theoretical curves aremisplotted here. They 

should lie a factor of two higher in energy or a factor of 16 lower 

incross section. For reasons which will be discussed later, the 
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calculated Iso cross section is over estimated by orders of magnitude.) 

53 The grouping of the data long curves (b) and (c) led Meyerhof 

to the assumption that the groups represented the 2po and Iso excitation 

cross sections , respectively. However, the Pb + Pb cross section later 

measured using 87 and 107 MeV Pb ions 55 was found to lie two orders 

of magnitude lower than the trend of the 2po group to which those 

cross sections should belong. A possible explanation for this 

discrepancy is that, in Pb + Pb collisions the 2po (or 2Pl/2) orbital, 

instead of being promoted to a lower binding energy near the UA limit, 

actually correlates to much higher binding energy near the UA. 

F' 10 'II h' ff f U U 11" 54 19ure . 1 ustrates t 1S e ect or + co 1S10ns. The diagram 

for Pb + Pb encounters is similar. Since a larger energy transfer is 

required to eject the 2po electron into the continuum in Pb + Pb 

encounters, the cross section is correspondingly smaller. 

This suggested a possible modification of the 2po scaling law 

by using the binding energy G of the 2po electron at the distance of 

closest approach instead of the SA binding energy to calculate nK' 

The binding energy at the distance of closest approach was proposed, 

rather than the UA binding energy, because for insufficient bombarding 

energy the UA limit cannot be reached. This proposal takes Coulomb 

repulsion into account in a very crude manner. The idea also follows 

from theoretical work of Basbas et al. 73 For most of the medium-Z 

elements this would cause practically no change from the previous 

scaling law since in symmetric collisions the 2Pl/2 binding energy is 

nearly identical to the SA K binding energy. For the heavy elements, 

however, a major change is made in the scaling. Plotting the 2po 

cross section for symmetrical collisions multiplied by Z2 versus the 
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new parameter, the curve shown in Fig. 11 was obtained. Here, for 

Z < 50, only cross section data taken using gas targets is included. 

In these cases the contribution from the multi-collision process is 

expected to be negligible. Attempts to extend this scaling law to 

asymmetric collisions have not been as successful, as Fig. 12 shows. 

Both solid target data and gas target data are present there. An 

expression for Zeff was obtained empirically and the choice giving 

the best results is: 

(4.8) 

With the choice of Zeff given by Eq. (4.8) the experimental Iso 

cross sections were found not to scale with the energy gap at the 

distance of closest approach. Instead, Meyerhof found that the Iso 

cross section data obeys a SA energy gap scaling law similar to what 

was previously proposed. For asymmetric encounters, the SA binding 

~nergy of the higher-Z collision partner was chosen to calculate 

nK = mE1/(M1UK(H)) [similar to Eq. ~.2)]. In addition, nK should be 

multiplied by i (1+ZL/zH)2 whereZL and ZH are the lower and higher 

atomic numbers of the projectile or target. Figure 13 shows Iso cross 

section data plotted using this modified scaling parameter and Zeff 

given by Eq. (4.8). The data is closely grouped around the dashed 

line in this figure . The equation for the dashed curve is 

mE, , l )2JlI,3 
7770 [ MU (ti) ~ ~ ( 1+ ~L a.Lt. 

~ . ~ (4.9) 

and can be used to obtain cross sections reliable to about a factor 

of five. 
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An th I " 1 tt t d tl b Foster et al.S7 o er sca lng aw a emp was rna e recen y y 

26 As previously proposed by Hansen, they suggested that the cross 

sections should be scaled by the UA binding energy and compared this 

scaling law to the BEA theory. In the BEA theory, the cross section 

is written as 

(4.10) 

where E1 is the projectile energy, A is the ratio of the electron mass 

to the projectile mass, and UK is the binding energy of the higher-Z 

57 collision partner. Foster et al proposed that the SA binding energy 

should be replaced by the UA binding energy and that Z1 should be 
!,;; 

replaced bYZeff' where Zeff is [(Z~ + Z~)/2] 2 for 2po cross sections 

or ZI for 1so cross sections. We call this modification the UABEA 

scaling: law. Both the 2po and 1so cross sections should fall along 

a single curve which is given by the BEA f function. Figure 14 

compares the familiar BEA scaling law with the UABEA law. The open 

points in these figures are iso cross section data and the closed points 

are 2po cross section data. The UABEA modification clearly groups both 

the 2po and 1so cross section data closely around the universal curve 

and therefore is a successful scaling relation. We shall return to 

discuss this scaling law in a later chapter where we will attempt to 

apply it to our Kr data. 

Scaling laws indicate how the 2po and lso cross sections might 

vary as a function of projectile energy, Z , and Z , and for that reason 
1 2 

are useful. However, their usefulness in resolving certain questions 

is limited. For instance, Meyerhof's scaling law for the lso cross 

section uses a SA energy gap, but Foster et al57 use the UA energy gap. 



-54-

10
4 

103 • .. 
• +. ... 
+ J' +[ #- • ..,!+ ~ 

102 + • v .... 
o~ 

•• • 
n • 
'> +. o,*" 

CII .+ .::.t. , 
10' 

• +-9 

C +. .... " C.t \'.0(1() 

~ 6 
,) ell l",,(t..l 

L.J B 

~tN1<f 9 

t 

0 Ni 

0 At: 

NI n:'\ 

Ag(K) 

~"(K I 

N~ (K) 

+. 
tHiO 

10-1 9 
+-

NdKl 

CI (K) .. "r(U 

Ni (K) 

10-2 Ni (K) 

flf"(K) 

Bf (KJ 

Ni (K) 

10-3 ---r·---~- .--,----
10-3 10-2 10-1 10 ° i 

10° 

E/AUK 
E IAU ua 

XBL 7512-9766 

Fig. 14. Scaled IsO' (open symbols) and 2pa (closed symbols) cross 

sections versus reduced projectile energy. Left is a plot 

of the data using the BEA relations. Right: the UABEA 

scaling law. The SA binding energy is replaced with the 

( 
2 2 )k UA binding energy and Z ff is (2 + Z ) /2 2 for 2pO' e 1 2 

cross sections or Z1 for IsO' cross sections. From 

Foster et al. 57 

A-. 



fJ 0 ') d'i '\ 0 ." ~ ~ \ r,} t .. ' #.i J ,", 
bI 

'" 
.. Ii{ V • 

-55-

Is the Iso cross section data displayed in ,Fig. 13 grouped more closely 

than the data displayed in Fig. l4? Does that indicate that the Iso 

cross section depends on the SA energy gap instead of the UA energy 

gap? The answers to these questions probably cannot be obtained from 

Figs. 13 and 14, but can only be obtained by a more careful examination 

of cross sections obtained by varying only a limited number of experi-

mental parameters. For instance, while keeping the projectile velocity 

constant and a measurement of Iso or Kr K vacancy' cross sections in 

encounters with H, He, Li, ' .... and Cl projectiles might indicate whether 

the cross section decreases with the UA binding energy or not. Plotting 

cross sections on universal scaling plots is an insensitive tool in 

examining how cross sections vary with different combinations of Zl 
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V. THEORY OF Iso EXCITATION 

Little theoretical work has been doen to calculate the cross 

section for the ejection of Iso .electrons into the continuum for a 

wid~ variety of collision partners. Both the 2po and the Iso ionization 

cross sections were previously calculated for 200 to 1000 eV H+ + H 

encounters by Thorson and co-workers l9 using, the method of PSS. While 

their formulation of the problem is essentially correct, their calculations 

of these quantities were in serious numerical error. Hence their values 

of the two cross sections cannot be trusted. 

Unfortunately, Thorson's calculations can only be applied to 

symmetric collisions where the Iso ionization cross section is unmeasur-

able. Calculations are therefore needed for asymmetric collisions 

where direct comparisons with Iso cross section data is possible. 

4 
An approach taken by Basbas and co-workers was to begin wit~ very 

asymmetric encounters where the PWBA, BEA, and SeA theories are 

applicable and to modify those results to account for the Coulomb 

deflection of the particle and the fact that the binding energy of 

the Iso electron does not stay constant, but correlates to the UA 

binding energy during the collisions. 

We have attempted to use both of these methods to calculate Iso 

ionization cross sections and I discuss that work in this chapter. 

Lastly, I give estimates of the contribution to the total K-vacancy 

yield due to excitation of Iso electrons to high bound states. 

5.1 Model· Calculations for p + H Collisions 

Calculations of the total Iso ionization cross section for 

symmetric encotIDters, the impact parameter dependence of the Iso 
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ionization probability, and the cross section differential in the final 

electron kinetic energy are described in Appendix B. The amplitude for 

excitation of a Iso electron into a continuum state having energy E 

and quantum numbers i,j, ... (specified in Appendix B) is 

tIO ,. i~\:(UJ, U{(t'))-E:)c!-t' 
a. (i, ! ... E ,b,EtJIlO) :: i:t (v\(ij..£, ~li)) e -fP scr 

(5.1) 

where M is the matrix element of the radial or rotational coupling 

operator connecting the Iso state to the continuum state (i,j, .. , c) 

and the time integral is over a Rutherford trajectory with impact 

parameter b and ion energy El [see also Eq. (2.19) and Eq. (B.3)]. 

For our model calculations, we use a simple parameterization of the Iso 

energy gap hw1s0(R). We fitted matrix elements calculate~ by Thorson 

and co-workers 19 to simple anal'ytical functions and evaluated trajectory 

integrals using these simple functions. In this Section, we report on 

the cross section differential in final kinetic energy do/dE, the 

impact parameter probability P(b,E), and the total cross section 

0lsO(E) defined as 

= l. I Q(i'11~'£J b,E.,ct»,1-.. 
.c.)~t"· 

= 510 tA£ ~ 
o d f. 

(5.2) 

5.0 2:11" b d h c!.E. 
o d.E.. 

(10 4§ d.£. or C
lO

2n bAb P(b,E 1) 

Jo dE. Jz, 
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5.1.1 The total cross section 

Figure 15 shows the total Iso ionization cross section obtained 

in this calculation and compares with "experiment" and with similar 

calculations made using constant energy gaps hwiso = 0.5, 1.0, 1.5, 

and 2.0 a.u .. Since the Iso ionization cross section cannot be measured 

in symmetric collisions [see discussion following Eq. (4.3)], the 

experimental cross section has to be inferred from very asymmetric 

encounters. The curve shown in Fig. 15 is based on Meyerhof's SA energy 

gap scaling lawlO (Fig. 13). We shall compare with experiment in later 

chapters. 

Rather than emphasizing the comparison with experiment in this 

chapter, we shall emphasize the comparison with cross sections calculated 

using a constant energy gap, the dashed curves in Fig. 15. In p + H 

encoun ters, the SA binding energy is 0.5 a. u., but the UA binding 

energy is 2.0 a.u .. The figure shows that the calculation using the 

UA energy gap comes closest to reproducing our calculation which uses 

a good approximation to the actual R dependence of the Iso energy gap 

+ for H
2

• 

The fact that the Iso energy gap is 0.5 a.u. at infinite inter-

nuclear separation and increases to 2.0 a.u. in head-on collisions 

as R+ 0 does not seem to be important in these low velocity collisions. 

The cross section depends just on the UA energy gap, suggesting that 

excitation occurs at shor.t internuclear distances during the collision. 

In developing the SA energy gap scaling law for Iso excitation, 

Meyerhof pointed out that it is most likely for transitions from 

the Iso orbital to the continuum to occur at large internuclear 

distances because less energy transfer is required there. A smaller 
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energy transfer implies a greater probability that ionization will 

occur. Nevertheless, the implications of our calculation are that 

excitation occurs at very close internuclear distances, surprisingly, 

where a greater energy transfer is required. 

We would like to suggest two arguments why transitions necessarily 

must occur at short internuclear distances. Consider the classical 

BEAt view of K shell ionization and recall our arguments showing that 

for ionization of a K electron in, for example, a 30 MeV Br + Br 

collision, the initial electron kinetic energy must be at least 60 keY 

or four times its average binding energy. In the Bohr atom picture, 

the kinetic energy of the K electron is classically related to its 

orbiting radius about the target nucleus through Eq. (2.15). Large 

kinetic energies imply that the electron must be orbiting close to the 

target nucleus, therefore the projectile must strike the K electron 

at close distances to the target nucleus to be ionized. The fact 

that less energy transfer is required at larger internuclear distances 

is not relevant when the projectile by itself does not provide 

sufficient momentum transfer to ionize the K electron. Excitation 

must occur at close internuclear distances, therefore, an energy at 

least as large as the UA binding energy must be transferred to the 

Iso electron. 

Another argument can be made if we make the connection between 

the impact parameter dependence of Iso ionization and the R dependence 

of Iso ionization along a .given trajectory. 
17 In the seA theory of 

t I am grateful to J. D. Garcia who stimulated this argument. 
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K-shell ionization by light projectiles, PCb) decreases as 

PCb) -b/a e (S.3) 

with a = aKv/vK. The fall-off parameter a may be viewed as a "radius 

of excitation". Excitation occurs when the projectile is within this 

radius. Outside of that radius, the excitation probability is small. 

The excitation probability consequently depends on the energy gap 

inside this radius. When V1/VK is small, it will depend on the UA 

energy gap. Only when V1/VK is very large will excitation depend on 

the SA energy gap. 

These arguments are based on atomic models, in the former case 

the BEA theory, in the latter the seA theory, and their application to 

molecular encounters is not rigorously justified. We have made them 

in an attempt to show physically why our p + H Iso cross sections 

display the UA energy gap dependence. Using the method of PSS, 

Basbas, Brandt, and Ritchie73 have developed an argument to justify 

the use of the binding energy at the distance of closest approach in 

place of WI CR) in Eq. (5.1). Their argument is very formalistic, 
SO 

however, and provides little physical insight into why such an approach 

is correct. In addition, their derivation is very involved and for 

this reason I shall not attempt to repeat it here. 

In conclusion, our calculations show that the Iso ionization 

cross sections may be obtained using a constant energy gap in place 

of WI (R). The calculations made using the R-dependent, one-electron 
SO 

Iso energy gap agree with calculations made using constant energy gaps 

between 1.7 and 1.9 a.u .. We do not understand why the hydrogenic 

energy gap calculation does not agree exactly with a constant energy 
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gap calculation using 2.0 a.u., the UA energy gap. Perhaps this 

indicates that, following Basbas et aZ4 ,73 we should use the energy 

gap at the distance of closest approach. Our model calculations are 

very uncertain, however, and drawing conclusions from the lack of 

exact agreement cannot be justified at this time. 

5.1. 2 P(b,E) 

Figure 16 shows calculated values of P(b,E) obtained in this 

work. For these velocities PCb) is peaked at very small impact parameters 

and shows smoothly decreasing tails at large impact parameters. The 

17 shape of PCb) is similar to what is predicted by the SCA theory for 

600 - 2500 eV p + H collisions. It is in marked contrast, however, to 

the jagged diffraction patternll behavior of PCb} previously reported 

by Thorson and co-workers (see ref. 19, paper V and Fig. 26) and now 

believed to be due to numerical errors. 

For large impact parameters, PCb) clearly has a velocity 

dependent fall-off parameter. We fitted the exponential portions of 

these curves to the form given by Eq. (5.3), and divided the fall-off 

parameter a by v 1 /VK to obtain an approximately velocity-independent 

a o = a/(v1/vK)· 

0.45 to 0.606. 

Between 600 and 2500 eV, the value of a o varied from 

The simple SCA theory predicts that the value of a o should be 
\ 

hv/2UK or that a o should be aK~. In this case 6K = 1. In practice, 

however, a o is rarely this simple, for 2500 eV p + H collisions we used 

·the SCA theory of Brandt et aZ89 (without Coulomb deflection and binding 

correction terms) to calculate PCb) and repeated the fitting procedure 

obtaining a = 1.23 aK. o . 
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Fig. 16. Impact parameter dependence of total K vacancy production 

probability for 600 - 2500 eV p + H collisjons. 
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The value of a expected for symmetric colI isions could be 

hV
1
/2UUA ' consistent with the conclusion of the last section, that we 

can calculate the cross section by replacing the time dependent energy 

gap with a constant energy gap equal to approximately UUA' This would 

give a o = 0.25 aK. The a o parameters displayed in Fig. 16 are smaller 

than a
K 

but are not as small as 0.25 a
K

• However, since the SeA 

theory does not exactly predict that a o = a
K 

when more accurate 

calculations are done, the fact that the a o parameters are larger 

in Fig. 16 cannot be taken seriously. 

5.1. 3 The differential cross section 

The first order SCA17 (and the PWBA14) for light projectile-

heavy target encounters predict that the differential cross section 

for monopole excitations can be written approximately as: 

Jo­
el£. (5.6) 

where 4n
K 

= (2v/V
K

)2 «1, a
K 

is the target K shell radius, and Us 

is the ideal or Slater-rule binding energy [see Eq. (2.2)]. This is 

called Huus' approximation. It was originally derived from the PWBA,65 

17 
and was also derived from the SCA by Bang and Hansteen. 

Huus' approximation predicts that the cross section differential 

-t 
in final electron kinetic energy should drop off as (UK + E) wi th 

t = 10. All our previous work indicates that the UA energy gap should 

replace the SA energy gap in our equations, thus do/dE should drop 

off as a power of (UUA + E). Therefore a fully logarithmic plot of 

do/dE versus (UUA + E) should give a straight line. Figure 17 shows 
, 

do/dE plotted versus E, E + UK' and E + UUA' Plotting do/dE versus 
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Fig. 17. Differential cross section in a.u. (1.02x 10-18 crn2 /eV) for 

600 eV p + H encounters versus W, where W is the outgoing 

electron kinetic energy E (dashed), £: + UK. (dash-dot) or 

£:+UUA (solid). The solid line gives a fit dald~ - [£+UUA]-t 

with t:=:::;9.8. 
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(UUA + £) clearly comes closest to giving a straight 1 ine. It is ., 
interesting that t turns out to be 9.8, in close agreement with Huus' 

approximation. 
j 

5.2. The Binding Energy Correction 

Our calculations show that to calculate the amplitude for 

ionization we can replace the time dependence of hWI (R) by a constant sa 

energy gap equal to UUA' 
4 Basbas, Brandt, and Laubert (hereafter 

referred to as BBL) have previously attempted to account for this 

dependence in their development of the binding energy correction to 

the PWBA. Their PSS calculation73 indicates that it is possible to 

account for the amplitude for ionization by replacing wlsa(R) by 

WI' (R), where R is the distance of closest approach in a collision sa 0 0 

with impact parameter b and ion energy EI , The amplitude for ionization 

may therefore be written as: 

-: flO tit M (.iL£., Rtt») e .t' (w,$~ (I{,,) -E:) t a. (i,j. .. £) ~ E;JIO) "oJ' 
-10 (5.7) 

Although the energy gap is a molecular energy gap, SA wavefunctions are 

used to calculate M. Potential coupling is assumed, and matrix .elements 

of the projectile's Coulomb field are calculated as in Eq. (2.4). The 

i,j, ... quantum numbers for the final electron continuum state are LM 
-+ 

quantum numbers in the lab frame (z axis along VI)' 

One can evaluate this expression quite straight-forwardly since 
/' 

it has previously been done by Bang and Hansteen l7 and Choi and 

22 Merzbacher. Computationally, however, such an evaluation is quite 

invol ved and BBL make some approximations. In an, four approximat.ions 

are made: 
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1) 

J ;:>'0 

~ 0 

by wI (R). sa 0 

2) Potential coupling is assumed and SA wavefunctions are 

used in calculating the matrix elements. 

3) They use Huus' approximation, valid for 4(v 1/VK)2 « 1, 

monopole excitations (LM = 00) only, and straight-line 

trajectories to calculate the cross section. 

4) They make various expansions around the SA energy gap. 

We elaborate on the latter two of these approximations in Appendix D. 

BBL find that the cross seGtion can be written as: 

= (0.13) 

where a~ is Huus' approximation to the cross section without 

a binding correction factor [Eq. (5.6)]. The factor 0 is given by 

To calculate 0, a knowledge of the Isa energy gap hWlsa as 

a function of the internuclear distance is required. BBL use: 

(0.14) 

with y = R/aK, The problem with this form is that it does not give 

the correct UA energy gap at R = O. We argue that a better form is: 

where y = 1.3R/a
K

, is the K shell radius of the heavier-collision 

partner, and UK and UUA are experimental binding energies. Using this 
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expression, a is given by 

I + 
(0.18) 

where ~K = 2/...re; v /vK' and g is a fWlction tabulated by BBL. As 

v /vK -+- 0, g -+-1, and aUK -+- UiJA so that 

(5.8) 

In a symmetric collision the binding-energy corrected cross section 

should lie 4
9 = 2.6 x 10 5 lower than the constant SA energy gap cross 

section. This is in qualitative agreement with Fig. 15. 

BBL show that it is possible to modify the more exactly calculated 

PWBA cross section to accoWlt for the a factor. The PWBA cross section 

may be written in terms of a universal function f(nK,8K) as previously 

described in Eq. (2.3): 

() :: 
(0.19) 

h F · . 1 h f f . f eland 0 -- 8n Z2/Z*2 aK
2 • were 1S proport1ona to t e Wlctlon or K = 0 1 2 

Finally they also show that it is possible to accoWlt for the Coulomb 

deflection of the projectile by multiplying 0 by 9E 10 (n/2 doUKo/hv
1

) 

where do is the distance of closest approach in a head-on encounter, 

59 
and E10(x} is the exponential integral ftmction of , order ten. 

It is interesting to compare Eq. (0.19) with the UABEA scaling 

57 
law of Foster et aZ. For v1/VK « 1, oUK ~ UUA and Eq. (0.19) 

reduces to: 

(5.9) 
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Aside from the difference of one power of UUA on the left-hand side 

of this equation, the most significant difference between Eq. (5.9) 

and the UABEA scaling law [Eq. (4.10)] is the factor of UK/UUA which 

In other words, 0 enters as the square in Eq. 

(0.19) and not to the first power as Foster et aZ57 would have it. 

2 
The 0 factor seems reasonable when we see that the nK factor originates 

in the oscillatory factor 

= 

In the equation for the amplitude [Eq. (5.7)], there are practically no 

other factors of nK in the integrand. It is this factor which enters 

into the F function, and it is clear that where nK enters to first 

order, 0 should be second order. Therefore, although the UABEA 

modification seems logical at first sight, it is probably not 

mathematically correct. 

Most of the work described in this Section and Appendix D 

follows directly from BBL. Our only modification was to change the 

form used for the Iso energy gap [Eq. (D.14)] to more closely reproduce 

the actual dependence of wiso (R) around R::: 0 for near symmetric 

collisions. This only changed some constants in the expression for 

o [Eq. (0.18)]. 

Although BBL make at least four approximations in obtaining Eq. 

(0.18) and (0.19), it is the best theory thus far available for 

calculating the cross section for ionization of a Iso electron in 

asymmetric to near-symmetric collisions. My p + Hcalculations are 
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limited to just symmetric collisions, and they too are very approximate. 

Qualitatively we have shown that there is liable to be some agreement 

between the two calculations; they both predict a very large difference 

between the. constant SA energy gap results and the binding energy 

corrected results. In the following section we make a quantitative 

comparison. 

5.3 Comparison 

Table I compares the 1so ionization cross section for p + H 

encounters calculated with the two models. There is about a factor. 

SSL of five agreement between the Sasbas theory (oK ) and our model 

calculations(O~). The Sasbas results give a higher cross section at 

higher velocities. At low velocities, the Coulomb deflection factor 

becomes more important, the 0 factor becomes larger, and their cross 

sections are lower than the model calculations. My results are very 

uncertain at low velocities and I have not included them here. 

The main difference between the two calculations is in the 0 

factor. In the SSL calculations, oU
K 

varies between 1.44 and 1.7 

for projectile energies between 2500 and 700 eV. If I were to define 

a OUK factor from Fig. 15, it would only vary between 1. 75 and 1.9 over 

that range. This possibly suggests a modification of g(SK) to make 

it more constant between 700 and 2500 eV. Since my model calculations 

may themselves be far off from experiment, there is no justification 

in modifying g(~K) at this time. 

The most remarkable aspect of this comparison, though, is not 

in the differences between the two calculations but in the similarity. 

These two calculations start with two very different approaches, yet 

agree within a factor of five in the final results. Compared to the 
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approximate factor' of 10 4 between what "experiment" predicts in Fig. 

15 and our model calculations, the factor of five seems practically 

negligible. 

TABLE I. Cross sections for p +H encounters. 

aUK Coulomb BBL 

factor 
oK 

a.u. 
9E 10 a.u. a.u. 

200 0.089 1.8 (8.53 x 10- 5
) 5.3x 10- 13 

700 0.167 1.7 0.251 3x 10- 8 10 X 10- 8 

1000 o.~ 1.61 0.468 27x 10- 7 

1500 0.244 1.55 0.666 18 x 10- 6 

2500 0.316 1.44 0.84 21 x 10- 5 

Finally, it is of interest to make a comparison with the impact 

parameter dependence predicted by BBL. Equation (D.1) indicates that 

PCb) can be written as 
to 

P(h) = c. ~"'I b'" ~ , tl't 1- 14 K: (b~) 
21T' q (5.10) 

or 

Pl~) ,.., X 7 ~aO t;I.)(' \<~ (t') '1.,-'1 
"- )( (5.11) 

where x = bq' = b(qo +llq(b)). Normalizing P(x) to unity (f;p(x)2TfXdX = 1), 
89 

the quantity can be calculated with errors less than 1% from the formula 

(5.12) 
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One can incorporate Coulomb deflection effects into this expression by 

evaluating llqat Ro instead of b: 

1< = [ (cA; + 1)~2. ... clo l b 
o 4 b2. :z.b J (5.13) 

Then 

(5.14) 

with y = 1.3 Ro/aK. Figure 18 compares this value of PCb) for p + H 

collisions with otir model calculations. The normalization fattors are 

arbitrary in this figure; the curves have been matched in the approx-

imately exponential regions. Two facets are evident: 

1) Our model calculations show that PCb) usually bends 

over and does not continue to rise as b approaches o. 

2) The BBL result does not drop off exponentially at 

large b. 

The second facet is the result of the changing value of llq with b. Our 

model calculations indicate/that x - Ro f UUA/flvl' where f is a constant 

around 0.9 at large b. In the BBL model f steadily d~creases with b 

and this is why his curves deviate from a simple exponential. 

In conclusion, the binding correction results of BBL4 nearly 

reproduce the model calculations for Iso ionization in p + H encounters. 

The difference is that they use wI CR) ~ wI (b) instead of a constant ; so 0 so 

that leads to a variable 0 factor instead of a near constant 0 factor 

that would better reproduce our model calculations. It also leads to 

tails in PCb) instead of the simple exponential fall-off of PCb) 

calculated with a hydrogenic energy gap. 
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Fig. 18. The impact parameter dependence of the 1so ionization 

probability P(b,E) versus impact parameter b for 600 - 2500 

eVp+H encounters. Dashed line: my model calculations,­

same as Fig.16. Solid line: BBL results. The curves have 

been normalized to arbitrary factors. 
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5.4 Excitation to High, Bound States 

The experimentally observed IS0 cross section comes from both 

ionization and excitation to high bound states. It is therefore 

important to find what proportion of the cross section comes from the 

latter contribution. 

Unfortunately, any ab initio calculation of the cross section 

for exciting a lS0 electron into high bound states must contend with 

the difficulty that these states are non-adiabatic, i.e., they rarely 

fulfill the requirement 

, 

that 

mE, -M A, (2.22) 

For 2500 eV p + H collisions, Eq. C2. 22) implies that bound states with 

binding energy less than 0.34 eV or Rydberg states with n> 9 are not 

well described using adiabatic wavefunctions. 

Despite the fact that we cannot directly calculate this cross 

section using the molecular model, we can make some qualitative remarks 

about this process and some semi-quantitative estimates of its importance. 

The first unfilled states in Kr + Kr encounters have principle quantum 

numbers n = 5. The energy tran'sfer required to excite a 1S0 electron 

into an> 5 Rydberg state is nearly as large as the energy required to 

ionize the electron, 13.7 versus 14.3 keV. Therefore the qualitative 

behavior of the excitation cross section and PCb) should be similar 

to the ionization cross section and PCb). Most importantly, there 

should be a strong dependence of both quantities on the IS0 binding 

energy near the distance of closest approach. 

To obtain an estimate of the importance of this cross section, 

we need only extend the sum over final states to include bound as well 
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as continuUm states. One way of accomplishing this is to replace EC in: 

:: () ( £, ) j"' c:j§ d£ 
l.c. cle (5.33) 

by the (negative) energy of the n = 5 bound state instead of zero as 

in Eq. (5.2).~ To evaluate this'integral, we used the fact that do/dE 

drops off as (UUA + E) -10 (Eq. (5.6) and Fig. 17), and we extrapolated 

that fit to negative E energies. The integral Eq. (5.33) is trivial and 

we obtain as a measure of the importance of the cross section for 

excitation to high bound states, 0HS : 

L n~~O.2S 1 ~ (5.15) 

where n is the principle quantum number of the first unfilled bound 

state and 0C is the cross section for ionization~ For n = 5, the 

contribution from excitation to high bound states is only about 9%. 

In encounters with highly stripped Kr ions, it may be possible to excite 

electrons into states as low as n = 2 or n = 3. Even for excitation into 

n = 3 states, the contribution is only 30%. Excitation into strong 

coupled n = 2 states should not be considered with this extrapolation. 

Such excitation occurs via Demkov coupling and 2p0 excitation which we 

have already considered. Therefore, as long as excitation to the very 

lowest bound states can be neglected, it appears that excitation to the 

high bound states can be neglected in heavy-ion collisions. 

This result is not surprising because if this process is important 

in excitation from molecular orbitals, it should be important in Coulomb 

f Care should be taken about the density of final states and this is 
discussed in Appendix C. The quoted result is essentially correct though. 
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excitation from atomic orbitals as well.* Yet all of the light projectile-

heavy target work indicates that. only ionization is important; at least 

that is the only process included in the PWBA, SeA, and BEA theories, 

and they fit the data within a factor of two. Except where degeneracy 

mediated processes such as rotational transitions to the 2pTI orbital 

and Demkov transitions predominate, it appears that the neglect of 

excitation to bound states in heavy ion collisions is even more justified 
. 

than in the light projectile models. 

* A similar analysis for light projectile excitation shows that the 
contribution from high bound state excitation would be slightly 
greater in that case. 
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VI. EXPERIMENT AND THEORY 

The question that this chapter seeks to answer is: does the Iso 

cross section data display a dependence on the UA energy gap? The first 

order binding correction results predict that for g(~K) - 1, 0 is approx­

imately UUA/UK' Therefore, if we bombard one target element with a 

succession of different projecti1es of the same velocity, the cross 

section should change as: 

(6.1) 

with n = 9. While our model p + H calculations do not indicate how the 

cross section in asymmetric collisions changes with ZI' a dependence 

on the UA energy gap is indicated with n between 5 and 7. 

The most useful experiments are those at one projectile velocity, 

where either the projectile K vacancy cross section is measured as a 

-funct/ion of the target atomic number (Z is then interchanged with Z 
_ 1 2 

in Eq. (6.1)) or the target K vacancy cross section is measured as a 

function of Zi' In this chapter, we shall be using the latter method to 

obtain the general dependence of n on the induced projectile velocity 

6.1. The Data 

60a Recently McDaniel and Duggan reported measurements of target 

K-vacancy cross sections using a variety of projectiles between Hand Cl 

at energies between 0.5 and 3.0 MeV/a.m.u .. Figure 19 shows some of 

their cross section data, with a/z~ plotted versus the UA binding energy. 

In the Ti data, the cross section decreases, then rises again. The rise 

is probably due to Demkov coupling to the 2pa orbital since the charge 
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Fig. 19. Target K x ray cross sections for H, He, Li, C, N, 0, 

F, and CI ions on Ti and Rb. We plot a/7.~ versus the 

UA energy gap. Thin line: Ti x ray ~ross sections for 

0.5, 1., and 2. MeV/a,.m.u. projectiles. Thick line: 

Rb x ray cross sections for 1., 1.5, 2., and 2.5 MeV! 

~.m.~. projectiles. 
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of the highest-Z projectile in this figure is 17 which is close to the 

atomic number of Ti. The Rb data, however, displays the expected 

energy gap dependence given by Eq. (6.1). The slope of these curves 

changes with projectile velocity giving an n value of 4.8 for o.s 

MeV/a.m.u. to 3.5 for 3.0 MeV/a.m.u .. 

The data, therefore, does display a dependence on the UA energy 

gap, but it is not as steep a dependence as theory indicates. To see 

if this dependence is general, or just in the Rb data of McDaniel and 

Duggan, we also took other data, plotted a/z~ for the same projectile 

velocity versus the UA energy gap, and extracted n values which are 

plotted versus V1/VK in Fig. 20. Generally, few studies like McDaniel 

and Duggan's were available and we took scarce oxygen data and measure-

ments using proton or alpha particles. The uncertainty in the individual 

n values in these figures is plus or minus 0.5 to 1.0. 

Figure 20 displays the trend of the n values obtained from this 

extensive collection of data. At V1/VK ~ 0.1, n is approximately five. 

It decreases with larger V1/vK' approaching zero at V1/VK ~ 0.5, then 

becomes negative indicating that a/z~ actually increases with the UA 

energy gap (or increases with Zl). 

It appears that our expectations of the magnitude of n, or of 

the steepness of the dependence of the cross sections on the UA energy 

gap are never fully realized. To obtain the theoretical values of n 

plotted in Fig. 20, we have used several different approaches: 

1) Binding Correction 1: In the spirit of the approximation 

made in writing Eq. (D.9), we write 
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Fig. 20. Heavy ion (generally 0) and proton cross sections were used 

to fit the cross sections to the form a/z~ - u~~. The 

value of n is plotted versus v /vK. The proton data was 
61 1 . 

taken from tabulations. The references refer to the 

source of the heavy ion data. The "theoretical" curves 

are based on approaches 1-4 described in text. 
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(6.2) 

[ / + 

hence n is simply 9g(~K)' Al though g is a function of both 

V1/VK and 8K, the dependence of 8K can be neglected. We take 

8K = 1 in Fig. 20. 

2) Binding Correction 2: Neglec~ing the Coulomb deflection 

factor, Eq. (0.20) gives 

~ '" F (tnt( / J).eK ) / ~ 
,z2. 

I 
(6.3) 

We constrain the cross section to have the dependence illustrated 

in Eq. (6.1) so that n can be defined by 

UUA cl~ 
n -- d Ul.lA 6" (6.4) 

Defining y = nK/oz£K' n is 

n= d-l"'~ ( , -4' ~ c!£) -d r d ~ 
(6.5) 

As v/vK-+O, F_ y3.6, and g-+ 1, therefore n-+8.2. For other 

velocities, a unique dependence of n on v/vK cannot be defined. 

We took Zl/ZZ = 0.25 which is typical for the oxygen data used 

in Fig. 20. Again, 8
K 

was taken as unity, but nK was defined 

by the experimental binding energy consistent with the horizontal 

scale in this figure. 
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3) Model Calculations: We took the constant energy gap cross 

sections displayed in Fig. 15and plotted cross sections for 

the same projectile velocity versus the energy gap on a fully 

logarithmic plot. Values of n were found by measuring the 

slope of those curves. 

4) UABEA Results: We took the semi-empirical UABEA scaling 

law and used Eq. (6.4) to obtain n: 

., = d F )( ---ely. F (6.6) 

where x = E/CAUUA)' and.! F was taken from ref. 1. This value 

of n is not a unique function of v /vK either since x depends 

on the UA energy gap instead of the SA energy gap. We again 

used Z /Z = 0.25 to evaluate n. 
1 2 

None of the theoretical values of n come close to fitting the 

data. The prediction of the UABEA scaling law comes closest, but there 

is no theoretical reason why that particular choice works so well. The 

theoretical predictions all give values of n that are too high, and 

none predict that n should become negative for v /vK > 0.5. (We shall 

discuss the negative values of n in the following section.) 

The disagreement with the Basbas predictl0ns is not a new result. 

It has been known for some time that their binding correction over-corrects 

the data, i.e.:. it gives cross sections for heavy ions that are much 

lower than experiment. For instance, McDaniel and Duggan show that it 

fails to predict the Rb (Z2 = 37) K x ray cross sections in encounters 

with 7 < Z2 < 17. My modification to the BBL theory would mean that the 

correction factor would ,be large~hence the disagreement would be worse. 

.-
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6.2. Other Corrections 

One possible reason why the data never displays a UA energy gap 

dependence as large as theory indicates is that there are other contri­

butions to the Iso cross section which increase O/Z2 with Z or the UA 
1 1 

energy gap. Three such contributions have been discussed in the 

literature. They are polarization effects, charge exchange between 

the target and projectile K shells, and the Demkov effect. These 

three are dis.cussed in this section. Aside from the Coulomb deflection 

and binding correction effects which give negative contributions to 

o/Z~, there are no other Zl contributions, to the Iso cross section that 

could affect the data in question. t 
/' 

6.2.1 Polarization 

In collisions with proj ectile velocities v 1 > vK' the "radius of 

excitation" [see Eq. (5.3)] becomes greater than aK. The K-shell orbits 

are distorted by the field of the projectile, ~ ~ Zle2/a~, by a relative 

amount o/aK = ex~/aKe where ex is the K-shell polarizabil i ty. The 

interaction distance is thus shortened, increasing the strength of the 

interaction between the projectile and the K-electron, giving an additive 

contribution to the Iso cross section. 

The only theoretical treatment of the polarization effect was 

originally formulated to consider Z3 contributions to stopping power 
1 

77 formulas. The treatment is somewhat stylized; the bound K-electron 

is considered as a harmonic oscillator whose motion is displaced by the 

tAt relativistic projectile energies a positive Z~ term is known. 33 
Its importance requires that v /vK » 1 and f3 = vl/c """ 1. 
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projectile's Coulomb field. The oscillator absorbs energy from the 

projectile's motion through a sort of virtual photon interaction, 

78 ? 
reminiscent of the Weizsacker-Williams approach. Basbas et aZ- have 

applied the stopping power results to the problem of K-vacancy production. 

The cross section can be written as: 

dfliw) 7 
F(~)t6. 7) 

where 00 may be considered as first order PWBA or SCA cross section, 

and F is the universal function similar to that defined in Eq. (0.19). 

The function g(w) is the differential oscillator strength distribution 

normalized to (Xl g(w)dw = 1, and l(waK/vl)Z~ is proportional to 

the integral of the Z~ correction to the classical energy transfer over 

impact parameters b> a
K

. Another way of viewing this result is that 1 

is proportional to part of the intensity of the virtual photon field 

of the projectile,~78 and g(w) is,proportional to the probability that 

the K-electron will absorb photons from the virtual field and be ejected 

to the continuum. 

Most of the work in this thesis is based on the molecular model 

and it is valuable to discuss the polarization effect in light of this 

model. Unfortunately, the polarization effect is important at velocities 

fThe virtual photon field lew) is proportional to the s~are of the 
Fourier transform of the time dependent electric field E(t) averaged 
over impact parameters. The electric field depends on the in~tantaneous 
distance between the electron at fo(t) and the projectile at R(t). The 
~lectron motion is polarized so that its position is changed by an amount 
~r(t). The ele£tric field.!s expanded about -;:o(t) and can b~ written as 
E (t) = Eo (t) + [I.E (t). The [l.E(t) term gives a [1.1 term upon squaring the 
Fourier transform of E (t), and it ,is the [1.1 term which is in Eq. (6.7). 
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where the molecular model starts to break down, namely when 0.5 < v1!v
K 

< 1. While the wavefunctions of the projectile and target are still 

expected to form Mas in this region (V1!VK < 1), other concepts such 

as the classification of processes into energy transfer and degeneracy 

mediated processes have already br<;Jken down. The oscillatory p3rts of 

the amplitudes are no longer as highly oscillatory, hence the energy gap 
, 

loses its importance in this region. I also suspect that the UA energy 

gap will no longer be important and the n dependence of the UA energy 

gap may approach zero quite quickly. Finally, in certain cases the seA 

method used for calculating the binding correction also breaks down. 

The theory of the polarization effect rightfully recognizes that 

it is not the effect of the molecular energy levels that will be important 

here, but the effect of the molecular wavefunctions. It is assumed that 

the electronic motion is changed by the projectile; the electrons move 

in MOs where part of the electronic density is shifted closer to the 

projectile. In the seA or PSS picture, this will mean a change in the 

matrix elements. ' 

In contemplating a better calculation of the polarization effect, 

one problem is that the PSS method may no longer be valid. The SeA upon 

17 
which the method of PSS is based, requires that the Sommerfeld parameter 

be much greater than unity: 

= 2Z vK!v »1 
1 1 

(6.8) 

" Unfortunately, for light projectiles at v1!vK > 1, the seA and the PSS 

method will no longer be valid. 

For this reason, we shall use estimates based on Eq. (6.7) to 

evaluate the importance of polarization effects. Some estimates are 
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given in Figs. 21 and 22. Figure 21 was taken from McDaniel and 

*60a Duggan, . and shows the importance of the polarization terms for 

Li, C, and N ion induced K-vacancy production in Ti. , The polarization 

term gives a substantial additive contribution to the cros~ section 

for v1/vK > 0.5. The contribution becomes steadily smaller for smaller 

values of vr!vK, however, and therefore is not likely to make a large 
I 

change in n at VI /vK ...., 0.1. Hence, the polarization contribution does 

not appear to explain why n is so much smaller than the theoretical 

estimates at very low velocities. 

2 The second figure is taken from Basbas et)al and illustrates 

the importance of the polarization term at larger values of V1/V
K

. 

This plot is similar in many respects to our n plot. The ratio He 

to H induced cross sections (divided by four) becomes greater than unity 

at approximately VI /VK = 0.5 or ~, similarly n becomes negative at approxi-

mately 0.5. When vl/~K » 1.0, Eq. (6.7) adequately explains the ratio 

R2K . For the very light ions used in this work, the binding energy 

and Coulomb deflection contributions explain R2K for V1/VK < 0.1. 

Unfortunately, He to H cross section ratios do not provide as good a 

test of the binding correction term as CI to H or 0 to H ratios. Our n 

plot is a more sensitive test of the binding correction. 

Finally, I should note that the polarization correction does not 

scale strictly with the UA energy, but instead a/z~ is linear in Zl. 

Although we observe negative values of n in Fig. 20 which we attribute 

-n to polarization, the fit of the polarization affected data to the UUA 

dependence is not strictly justified. 

*No details of the evaluation of this term was given in McDaniel and 
Duggan's paper. I have assumed that this figure is based on Eq. (6.7). 
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Fig. 21. Ti x ray cross sections for incident Li, C, and N ions. 

Theoretical curves are presented for binding corrected 

PWBA cross sections (PWBABC, using the original method 

of BBL) , and corrections for hinding + polarization 

terms (PWBABCP); from Ref. 60a. 
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sections divided by four as a function of v1/vK. The upper 
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a nomograph of the ionization cross sections for Z lC I in 

units of a = 81Tz~/z~a~. For large v~/vK' the curves show 

the contribution from the polarization term. For small 

v /vK they show the binding term (from ref. 2). 
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6.2.2 Charge exchange and Demkov coupling 

Both of these processes are charge exchange phenomena. With the 

former, we mean charge exchange from the target K-shell to an empty 

projectile K-shell such as would occur when fully stripped projectiles 

bombard target atoms differing in Z by not more than ten. 79,80 Demkov 

. 30 31 coupllng, ' though, is charge exchange between the 2po and Iso MOs 

(or conceivably, between any two MOs). Usually, it is operative in 

encounters at low velocities where the projectile K-shell is not empty 

and correlates to the 2po orbital (Z /Z < 1). Vacancies are made in 
1 2 

the 2po orbital during the collision and are exchanged for Iso or target 

K-electrons on the outgoing part of the collision. We have discussed 

this process previously. 

The charge exchange process complements -the Demkov process. 

The criterion as to which is important must be the magnitude of v 1/vK1 

where v
K1 

is the velocity of the electron in the K-shell of the projecti1e.
t 

This criterion not only decides whether MOs (especially the 2po MO) will 

be formed, but it is also the Bohr criterion81 for completely stripping 

the projectile. When v 1/vK1 > 1, the projectile K-shell is unfilled, 

MOs will probably not be formed, and charge exchange between atom"ic 

. 79 82 80 
orbitals will occur. Usually, the Brlnkman-Kramers ' or BEA formulas 

are used to calculate these cross sections. When v 1/vK1 « 1, MOs will 

be formed, the projectile K-shell will normally be full, and the Demkov 

process will predominate. 

For example, if one bombards Ti with ions with Zl < 22 and E1 = 3 

t This argument is valid when target x rays are measured as a function 
of Zl' where Zl < Z2· 
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MeV/a.m.u., it is expected that charge exchange should give a positive 

contribution to the Ti K cross section up to Z 1 = 13 where VI /VKl = 1. 

For higher ZI' the Demkov effect is expected to add to the cross section 

giving the rise observed in Fig. 19. For the same range of projectiles 

on Rb, however, ~he charge exchange effect will again be operative up 

to ZI = 13, but the Demkov effect should not become important until 
, 
Z 1 = 17. I f the charge exchange effect were important one would observe 

deviations· from the straight lines in Fig. 19 up to ZI = 13, then the 

data should bend back toward the line up to ZI = 17: This is not observed 

though. 

Specific instances where charge exchange effects may be an 

important contributor to the value of n may be seen in Fig. 20. Fully 

stripped oxygen (before entering the target or immediately thereafter) 

data was used to obtain the Co, Ge, and Cu cross sections and hence 

charge exchange may affect the value of n in those cases. In the data 

62 of Cue et al (Cd, Y, Ca, and Fe points), only very high-energy fully 

stripped projectiles were used. In those cases, though, the authors 

concluded that the contribution from charge exchange was small and 

attributed the deviations from Z~ scaling to polarization and the binding 

correction term. Finally, it is unlikely that these charge exchange 

corrections affect the Sn, Ag, and Rb data. Polarization is also not 

as important for those cases since, coincidentally, V
1
/VK « 1. ,The values 

of n there must be due mostly to the binding energy correction. It 

appears that none of the positive Z3 contributors to the Iso cross section 
1 

discussed in this chapter explain the low values of n displayed in Fig. 

20. 
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6.3 Conclusions 

The n(v
1
/vK) plot displayed in Fig. 20 provides a useful focus 

in discussing the behavior of the Iso cross section due to binding 

correction, Coulomb deflection, charge exchange ,and poLnization 

effects. Probably, for v /vK ~ 0.1, the most important effects come 

from the binding correction and polarization terms. For V
1

/VK < O.S, 

the binding effect is most important and positive values of n are 

achieved. For V1/VK > 0.5, polarization effects are more important 

and n is negative. At V
1
/V

K 
:::::: O.S, the two effects cancel. Charge 

exchange effects (including Demkov) are expected to be important only 

if Z1 :::::: Z2' but for the most part appear to be negligible. Coulomb 

deflecti9n is expected to be important for V1/VK < 0.1, but we include 

no data for that region in Fig. 20. The various effects discussed in 

this chapter are summarized in Table II. 

Finally, the n plot also provides a test of scaling laws. For 

. t th UABEA l' 1 57 1 d" h 1ns ance, e sca 1ng aw comes c osest to pre 1ctlng t e correct 

dependence of n on V
1
/V

K
. The BBL binding correction, though not strictly 

speaking of a scaling law, does not do as well. Meyerhof1s Iso scaling 

law cannot be plotted here; it predicts a SA energy gap dependence hence 

we would expect n = O. f In conclusion therefore, Fig. 20 indicates that 

while no scaling law dependence best fits the experimental dependence 

of the cross sections on UAenergy, the UABEA law comes closest of all 

of them. 

fActually, the Z factors in Eq. (4.9) contribute to a UA energy gap 
dependence. They predict that n < 0, however. 
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TABLE II. 

Theory 

v/vK < 1 

Binding correction. Excitation 
out of lS0 orbital. PSS method. 

Projectile K-shell full. Forms 
2p0 MO Demkov effect. PSS 
method .. 

SCA no longer valid for light 
projectiles. Effect probably 
not important 

Polarization effect. PSS 
method no longer valid. 

Projectile K-shell empty. No 
MOs formed. Brinkman-Kramers, 
Born, or BEA theories of 
charge exchange. vK is vK1 . 

Sign of zi 
contribution 

+ 

+ 

+ 
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VII. CONCLUSIONS 

Let us examine heavy ion data where the projectile is the higher-

Z collision partner. Figure 23 shows projectile K-vacancy cross sections 

for 200 MeV Kr, 326 MeV Xe, 30 MeV Br, and 47 MeV I ions on targets with 

Z1 > Z2· To obtain cross section data from thick target yields, Eq. 

* (3.5) was used. The cross sections are accurate to about 40%. 

The theoretical curves compare the cross section obtained using 

theBBL binding correction (with my UA modification), the UABEA scaling 

law prediction,57 and a completely empirical prediction which uses Eq. 

(6.1) with values of n taken from the n plot. The curve is normalized 

using the experimental p + Z1 cross section. Table III gives the proton 

cross section6l together with values of n used. The uncertainty in the 

deri ved Z 1 + Ne cross section due to the uncertainty in the n value is 

also given. 

36 

54 

35 

53 

E1 

MeV/amu 

2.4 

2.4 

0.375 

TABLE III. Cross sections 

n 

35 .30 3.7±0.5 

0.5 .194 4.5±0.5 

0.065 .123 5.4 ± 0.5 

.078 5.6± 0.5 

ONe 
barns 

609 ± 150 

lL2±2.2 

0.476±.12 

(60.4 ± 20)XI0-~ 

*The Xe measurements are from a very recent experiment and the results 
are preliminary. \ 
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Fig. 23 (a - d): Projectile K vacancy cross sections for 200 MeV Kr, 

32_6 MeV Xe, 30 MeV Br, and 47 MeV I ions incident on target 

atoms with Zl < Z2' Figure 23(e): Target K vacancy cross 

sections for 200 MeV Kr ions. Long dashed line: Demkov 

contribution from 2po excitation. Solid line based on n 

plot and Eq. (6.1). Short dashed line: UABEA scaling law. 

Dash-dot: BBL bindirtg correction. 
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Several conclusions can be drawn. First, the empirically 

predicted cross section based on the p+ Z1 ionization cross sectiont 

is in good agreement with the data. This supports the conclusion that 

we are observing Iso ionization when we measure projectile K-vacancy 

cross sections where Z1 ~ 2Z 2 . ,The Kr cross sections are higher than 

they should be, and this is probably because there is a sizeable contri-

but ion from Demkov feeding of 2po vacancies to the projectile in that 

case. The fit to the Xe cross sections is very good as is the fit to 

the 30 MeV Br data as near as we can tell. There is clearly insufficient 

data in the.Br case. In the I data, there is a region between Z2 = 30 

and 40 where the cross section is not explained by either Demkov feeding 

or Iso ionization. We have no explanation for this observation. It 

could mean that either n is much smaller than our curve predicts, or 

Eq. (6.1) is breaking down, or the Demkov contribution is greater than 

we think there. No conclusions about this region can be made at this 

time. 

Secondly, it appears that the best scaling law available is our 

n plot: The BBL binding correction does not do well at all. The UABEA 

law
57 

does as well as our empirical method for the Br and I data, but 

fails to predict the Xe and Kr cross sections. The reason for this can 

be seen by examining the n plot. The UABEA law gives nearly the 

experimentaln value at low V1/V
K 

(V1/VK - 0.1 in the Br and I cases), 

but gives an n value which is much tOQ high at larger V1/VK (the Xe and 

Kr cases). Probably the reason why our n plot works so well in these 

t plus excitation to high, bound states which is expected to be 
negligible. 
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cases is because in deriving n" we used mostly target K-vacancy cross 

sections around the same atomic number as Br, Kr, I, and Xe. Our n plot 

may not represent a universal curve; there may be a'family of curves with 

different n dependences for different values of the SA binding energy, 

Z1/ Z2' of some other parameter. So far the data cannot distinguish this 

though. 

Using our n plot and K-vacancy production cross sections for 

2.4 MeV protons, we have tried to predict target K-vacancy cross sections 

for 200 MeV Kr encounters with/target atoms with Z2> 40. These predic-

tions are shown in Fig. 23e. The n plot does not do well in these 

cases, but does do better than the UABEA scaling law. Possibly, the 

reason why our n plot fails to predict the Iso cross sections in these 

cases is because relativistic effects are becoming important for these 

high-Z elements. Relativistic effects on high-Z K ,vacancy cross sections 

h b d · h 1· 83-87 ave een note 1n t e 1terature. . The importance of these effects 

can be understood classically when we try to calculate the minimum 

initial electron kinetic energy E2 needed to give an energy transfer 

UK [see Eq. (2.10)]. We find that E2 > 255 keV, or that the electron 

must be moving at relativistic velocities. K-vacancy cross sections 

have been calculated using Dirac wavefunctions and the SeA and PWBA 

. 83 84 . 26 85-87 theor1es.' Theory and exper1ment' agree that these relativ-

istic effects make the K-vacancy cross section larger than non-relativ-

istically calculated cross sections. In Fig. 23 these relativistic 

effects have already been partly incorporated because experimental 

proton cross sections were used. Probably, though, there is some effect 

on the n values as well and that may be the reason why our empirical 

predictions of these cross section fail. 
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There is one question left unanswered. We have shown that the 

positive contributions to the lS0 ionization cross sections due to 

polarization effects should be small for v Iv ~ 0.2. Also, we can 
1 K 

show that charge exchange effects and Demkov coupling do not make a 

great contribution to the cross section in most cases, for instance in 

the Xe and I data for Z2 < 30 and in the Br data for Z2 < 20. Yet in those 

cases where v1/vK < 0.2, the dependence of the cross sections on the UA 

energy gap is never as great as theory leads us to expect. The BBL 

binding correction implies that n ~ 9 for v Iv < 0.2. Our model calcu-
1 K 

lations imply that n lies between 6 and 7. Yet the data indicates 

that n never exceeds 5.5. 

There are good reasons to expect that these two theories are wrong. 

While the BBL binding energy correction and the model PSS calculations had 

their usefulness in pointing out the dependence of the cross sections on 

the UA energy gap, the magnitude of that dependence may not be accurately 

predicted by either of them. The BBL theory is based on four approxi-

mations including the expansion of the cross sections around the SA 

binding energy assuming the difference between the SA and UA energy gaps 

is small. Asymptotically (g(SK)~ 1) the correct physical result was 

obtained, but it is doubtful whether the function g(sK) is very acc~rate. 

My model calculations illustrate the qualitative behavior of the cross 

section, but the magnitude of those cross sections can certainly not be 

trusted. Those calculations are extremely sensitive to the functional 

dependence chosen to fit the matrix elements (see Appendix B) and there 

is no guarantee that the simple exponential function is best. Clearly, 

more exact PSS calculations of the lS0 ionization cross section are 

still needed before these empirical values of n can be predicted. 
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