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ABSTRACT 

Gas-target and solid-target chambers have been designed and 

constructed to study inner-shell electron-promotion mechanisms during 

ion-atom collisions. The solid-target chamber is used to make 

projectile-target vacancy-ratio measurements at interaction energies 

ranging from 1 to 16 MeV. The gas-target chamber is capable of 

incident particle normalization making both vacancy-ratio and absolute 

vacancy-production cross-section measurements possible at interaction 

energies ranging from 0.7 to 12 MeV and at gas-target pressures ranging 
* 

from approximately 1 to 250 mm of Hg. 

K-K vacancy-sharing ratios have been measured for CI Ar (gas), 

Si Ar (gas), A1 -> Ar (gas), Ar •+ S (Î S gas), Ar -*• A1 (solid), and 

Ar -»• Cu (solid). Values of these ratios as a function of the Meyerho'f 

parameter |x| deviate from the predicted functional form e~2̂  for 

large values of |x| in both solid and gas targets. Target-recoil 

effects have been shown experimentally not to be the cause of this 

deviation in the gas target, indicating the dominance of direct excita

tion of Is electrons to continuum states. 

Results are presented for measurements of Is vacancy-production 

cross sections from 0.7 to 2.5 MeV for the A1 -»• Ar (gas) collision 

system. In this region the A1 Is vacancy-production cross section 

aL = CT2pa the Ar Is vacancy-production cross section 

(direct). Discussions of the best theoretical calculations of 

xii 
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and (*lga (direct) are presented and comparisons with the measured 

results are made. 

Swapped (I, > 1̂  ) vacancy-sharing ratios have been measured 
TI KL 

between the K shell of Si, CI, and Ar projectiles and the L subshells 

(2P1/2) and (2p3̂ 2̂  Sn (solid), Sb (solid), and Xe (gas) targets. 

The two-state exponential-coupling model of Nikitin is discussed and 

the measured vacancy-sharing ratios are used to determine the Nikitin 

state-mixing parameter 0. This determination indicates 0 is independent 

of the collision energy but has a strong dependence on the collision 

partners. 

Unswapped (Ir > Iv > I, ) K-L vacancy-sharing ratios have 
% L H 

been measured between the K shell of CI and Ar projectiles and the 

subshell of Y (solid) and Kr (gas) targets. Comparison with the 

Nikitin two-state theory indicates 0 is independent of the collision 

energy and may have a weak dependence on the collision partners. Actual 

values of 0 could not be obtained for the unswapped collision systems 

because the nonneutral-atom fluorescence yields and Coster-Kronig 

transition probabilities could not be determined. 



CHAPTER 1 

INTRODUCTION 

This work is a study of the inner-shell excitation mechanisms 

that operate during the collision of a heavy ion with a heavy atom. 

The fundamental model for understanding these processes is based on 

the formation of a "quasi-molecule" during the collision. Within the 

states of these molecules, electrons are promoted leaving vacancies 

in the atomic systems after the collision partners separate. Informa

tion about the excitation mechanisms can be obtained by observing the 

decays of the final atomic configurations. 

Both the promotion mechanisms and the decay processes are 

quite complicated and their present understanding is based on the 

experimental and theoretical work of many people. A brief history 

introduces the important properties of these collision systems and the 

present understanding of electron promotion mechanisms. 

Early History 

The field of inner-shell excitations was initiated by Rontgen's 

(1895, 1898) success in producing the first x rays by bombarding a 

target material with an energetic electron beam. W. H. Bragg (1913) 

used a solid lattice grating to show that the x rays previously 

observed consisted of both a background of electron bremsstrahlung and 

x rays characteristic of the target material. Mosley (1913, 1914) 

1 
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verified that the frequency of these characteristic x rays obeyed the 

Bohr (1913) rule of being proportional to the square of the nuclear 

charge of the excited atom. About the same time Chadwick (1912, 1913), 

Russell and Chadwick (1914), and Thompson (1914) reported producing 

characteristic x rays using alpha particles from radioactive sources. 

The understanding of these inner-shell decay processes was 

clarified when Meitner (1922), Robinson (1923), and Auger (1925, 1926) 

discovered that not only x rays were emitted from atoms with inner-shell 

excitations, but also electrons with the same characteristic energies 

as the x rays. This process was named after Auger and involves the 

simultaneous transition of an electron from an upper atomic shell into 

the vacancy (An ̂  1) with the emission of another electron to conserve 

energy. This process was found to always be in competition with the 

radiative process." Coster and Kronig (1935) discovered a second 

nonradiative process that further complicated the picture. Their 

process involves the filling of a vacancy with another electron from 

the same shell (An = 0) along with the spontaneous rearrangement and/or 

emission of some of the outer-shell electrons. The ratio of the 

radiative decay rate to the total vacancy decay rate is defined as the 

fluorescence yield, w. A knowledge of this quantity is necessary in 

order to obtain vacancy production yields from measured x-ray yields. 

The first heavy-ion experiment involving an accelerator was 

done by Coates (1934) when he used 2.4 - MeV mercury ions to produce 

inner-shell vacancies. His observations of abnormally large cross 
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sections and x rays that were not characteristic of either the beam or 

the target atoms led him to the suggestion that the excitation process 

may be proceeding via the formation of a molecule-like state during 

the collision. This assertion was not confirmed until Armbruster (1962), 

Armbruster etal. (1964), and Specht (1965) discovered, using 

radioactive fission fragments as projectiles, that when' the binding 

energy of a level in the projectile atom nearly matched that of a level 

in the target atom the most tightly bound level has a greatly enhanced 

vacancŷ production cross section. This effect can be most easily 

interpreted within a molecular collision model. 

Other evidence for a molecular model was obtained by Morgan and 

Everhart (1962). They measured inelastic energy losses of projectile 

atoms as a function of scattering angle and found that at an inter-

° + 

nuclear separation of 0.23 A in Ar on Ar collisions, the inelastic 

energy loss rose sharply. Afrosimov et al. (1964) and Kessel, Russek 

and Everhart (1965) demonstrated that this energy loss was due to 

production of L-shell vacancies which led Fano and Lichten (1965) and 

Lichten (1967) to propose the idea of electron promotion at molecular 

crossings during the collision. 

Prior to the molecular model, Henneberg (1933) described the 

production of inner-shell vacancies using the idea that the Coulomb 

field of the projectile could transfer enough momentum to an inner-

shell electron to promote it to a continuum state. His work and the 

work of Merzbacher and Lewis (1958) used the plane-wave Born approxima

tion (PWBA) to calculate inner-shell vacancy-production cross sections. 
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These calculations were found to be in good agreement with experimental 

measurements of proton and alpha-particle induced excitations. Saris 

(1971) and Saris and Onderdelinden (1970) measured the L-shell cross 

sections for Ar and Ne targets bombarded by projectiles from H to Ti. 

For the heavier projectiles, these cross sections were orders of 

magnitude larger than the PWBA calculations, again supporting the 

possibility of molecular processes. This same copious production was 

also observed for K-shell vacancies by Brandt and Laubert (1970), Der 

et al. (1971), and Terasawa, Tamura and Kamada (1972). 

Molecular Model and Its Consequences 

The basic idea of the molecular model is that if the inter-

nuclear motion is slow enough so that the electrons can react in a 

nearly adiabatic manner to the changing Coulomb fields during the 

collision, then the states that the electrons occupy are best described 

by those typical of molecular systems. The motion of the nuclei cannot 

be completely ignored because it affords a mechanism for mixing these 

molecular states and introduces the possibility of interorbital electron 

or vacancy transfer. 

Meyerhof (1973) proposed a theoretical model that predicted the 

molecular coupling that mixes the molecular states that are formed from 

the Is ground states of the two collision partners. He predicted that 

the probability of transferring a vacancy from the molecular state that 

connects to the Is state of the light atom (lowest Z) to the molecular 
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state that connects to the Is state of the heavy atom (highest Z) is 

given by 

w = (1 + e2'xl) 1 (1.1) 

J2 tt(I11/2 - I21/2) 
where 2x = ; , 

i/fn v 

Ij and Ig are the ionization energies of the Is states in the projectile 

and target atoms, m is the projectile mass, and v is the projectile 

velocity in the laboratory frame. This theoretical result was shown to 

be in good agreement with experimental measurements of w for values of 

|x| £ 3. Jones et al. (197S) found the first experimental deviation 

from this theoretical result for values of |x| greater than about 4 by 

colliding Ar ions with solid Ti, Cr, Fe, and Ni targets. To explain this 

deviation, Meyerhof, Anholt and Saylor (1977) proposed that a more general 

expression than Equation (1.1) may be needed; one that includes mechanisms 

for vacancy production into the lŝ  (heavy) state other than just this 

vacancy-transfer mechanism. He includes the suggestion of Foster et al. 

(1976) that direct Coulomb ionization of molecular states might be 

possible. He also includes the possibility that lSjj excitations pror 

duced by target atoms recoiling into other target atoms might be 

observed. Calculations by Meyerhof et al. of the relative magnitude of 

these two effects for solid targets have led him to believe that the 

observed deviation can be attributed totally to the target-recoil 

effect. 
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The idea of vacancy sharing between two Is states can be 

extended to any set of states that have binding energies that are 

roughly equal. Thus, if two atomic systems are picked such that the 

k shell of one has roughly the same binding energy as the L shell of 

the other, vacancy sharing between these levels is possible. Meyerhof 

et al. (1976) have made the suggestion that these effects can be seen 

to enhance some of their K-shell cross sections. Meyerhof (1976) 

showed L- and K-shell cross section data for 45-MeV Ni and 47-MeV I 

projectiles on targets which had K-shell binding energies both above 

and below the projectile L-shell binding energies. Comparisons of 

these data with a general vacancy-sharing theory proposed by Nikitin 

(1970) showed that the cross sections for vacancy production in the 

more tightly bound of the K or L shells can be fit by different choices 

of a state mixing parameter 0 in the Nikitin theory. 

Research Outline 

This present work focuses first on the production of Is 

(K-shell) vacancies in both the light (lower Z) and heavy (higher Z) 

collision partners. Both solid and gas targets are used to verify the 

previous observations that indicate the validity of Equation (1.1) for 

values of |x|.s 4. The solid-target deviations for values of |x| ̂  4 

are also verified and a special gas-target chamber has been constructed 

making the first observation of a similar deviation in a gas target 

possible. In a gas target, the target density as well as the inter

action energy can be varied. Target density variations make it possible 
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to separate the multiple-collision processes, such as the target-

recoil effect, from single-collision processes by their different 

target density dependences. These measurements only require the 

determination of the ratio of vacancies in the two states. Thus, 

incident particle normalization is unnecessary. 

A unique feature has been incorporated into the gas-target 

chamber that determines the incident particle flux independent of the 

charge state of the beam. This feature makes possible the measurement 

of absolute vacancy-production cross sections as the function of both 

the interaction energy and target density. Knowing the target density 

dependence makes it possible to separate the multiple- and single-

collision processes in the individual K-shell production cross sections. 

The second focus of this work is to study the vacancy-sharing 

process that occurs when the K shell of one of the collision partners 

has a binding energy close to the binding energy of the L shell of the 

other collision partner (K-L vacancy sharing),. Both gas- and solid-

target data have been taken with projectile and target combinations 

that have K-shell binding energies both greater than (unswapped) and 

less than (swapped) the L-shell binding energy. 



CHAPTER 2 

THEORY 

The theoretical understanding of the collision processes 

discussed in this work is based on the quasimolecule model. In this 

chapter a general discussion of the mechanics of this model will be 

presented along with discussions of the three major electron promotion 

mechanisms; Coulomb excitation, rotational coupling and radial 

coupling. The target-recoil effect will be calculated in detail for 

thin targets. 

The conversion from x-ray yields to total vacancy yields 

requires detailed knowledge of the fluorescence yields for the states 

involved. In general, tabulated neutral-atom fluorescence yields are 

not satisfactory because of multiple-vacancy production. Calculations 

of K-shell fluorescence yields for different vacancy configurations 

have been performed and the results of these calculations are presented 

along with a semi-quantitative discussion of nonneutral-atom L-shell 

fluorescence yields. 

Quasimolecular Model 

Correlation Diagrams 

The molecular model for homonuclear collision systems intro

duced by Fano and Lichten (1965) and later expanded by Barat and 

8 
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Lichten (1972) to include hetexonuclear collision systems, is based 

on the idea that if the relative collision velocity is small compared 

to the semiclassical velocities of the bound electrons, then these 

electrons will have time to adjust nearly adiabatically to the changing 

Coulomb field introduced by the other collision partner. Assuming no 

electron-electron interaction and calculating the single-electron 

energy levels due to the Coulomb fields of two nuclei at different 

internuclear separations Rq, a fully adiabatic energy level diagram 

can be generated as a function of Rq. At the points where two levels 

with the same quantum symmetry would ordinarily repel each other, a 

"diabatic crossing" was introduced to allow two energy levels to cross 

during a collision. By considering these diagrams along with the 

symmetries of the two charge center, single-electron problem, Barat and 

Lichten (1972) introduced the following set of rules for connecting the 

separated atom (Rq = °°) and united-atom (RQ = 0, Z = Zj + Ẑ ) states: 

a) conserve the number of radial nodes by connecting united and 

separated atom states with the same n - A - 1; b) conserve orbital 

angular momentum projection along the internuclear axis by connecting 

states with the same m̂ ; and c) connect the separated atom states to the 

lowest unoccupied state in the united atom consistent with the first two 

conditions. These rules produce the diabatic correlation diagram of 

Figure 1 in which each molecular orbital has been labelled according to 

its united-atom correlation and its orbital angular momentum projection 

using the symbols a - 0, ir = ±1, 6 = ±2, etc. The subscripts L and H 
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Figure 1. Schematic single-electron correlation diagram for atomic 
collision systems which satisfy the separated atom binding 
energy condition I, > I1 > I0 
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on the state labels designate the light (lowest Z) and heavy (highest 

Z) collision partners respectively. 

Recently, Eichler et al. (1976) have introduced a new set of 

rules for constructing correlation diagrams based on calculations 

using the variable screening model of Eichler and Wille (1974, 1975). 

The advantage of this calculation over the single electron model is 

that the electron-electron interactions are taken into account. These 

interactions introduce possible new "diabatic crossings" in heavier 

atomic collision systems. Evidence for one of these new crossings has 

been discussed by Meyerhof (1976) in collision systems similar to the 

K-L collisions discussed in this work. 

The empirical rules for generating these new correlation 

diagrams are the same as the Barat and Lichten rules except that the 

number of radial nodes is no longer conserved. Instead, separated-atom 

states with SL - m̂  angular nodes correlate to united-atom states with 

n - H - 1 radial nodes such that 

(A - mA)SA = (n - A - 1)UA . (2.1) 

In Figures 2 and 3, these rules have been used to generate correlation 

diagrams for K-L vacancy-sharing collision systems with the K-shell 

binding energy of the light atomic system both greater than (unswapped) 

and less than (swapped) the L-shell binding energies of the heavy 

atomic system. Comparison of Figures.1 and 2 indicate different 
* 

separated-atom correlations for the 3dcr molecular orbital. Barat and 

Lichten predict a 2pH correlation while Eichler et al. predict a 2sH 
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Figure 2. Schematic multiple-electron correlation diagram for atomic 
collision systems which satisfy the separated atom binding 
energy condition Ijs >  ̂(unswapped). 
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3. Schematic multiple-electron correlation diagram for atomic 
collision systems which satisfy the binding energy condition 

*2̂  > Il,1 > r3sH 



correlation. This correlation directly affects the unswapped K-L 

vacancy-sharing data analysis and will be discussed in greater detail 

in Chapter 4. 

Rotational and Radial Coupling 

Thus far this molecular picture has been based on calculations 

at definite internuclear separations with the system being able to 

adiabatically change from one internuclear separation to the next. This 

criteria of adiabaticity is unrealistic and as the internuclear 

separation vector RQ(t) changes as a function of time, nonadiabatic 

couplings can be introduced between some of the states. Consider the 

two molecular states i|>j[R0(t)] and ̂ t̂ CO] and their Hamiltonian 

At any time tQ, 

H0[R„(t„)] W0(t0)] = Ei[R0ct,)] [R0CVI U•2> 

where Ê [Ro(tQ)] is the eigenenergy of the state i at RQ(to). Using 

these two states as basis states, the general wave function for this 

two state system can be written as a linear combination of [Rq (t) ] 

and ̂ 2[R0(t)] as 

i p ( t )  = a1(t) ̂ [RjCt)] + a2(t) ip2 tRQ(t)] . (2.3) 

The time evolution of i p ( t )  is given by the Schrodinger equation 

H0[R0(t)] t|>(t) = ift 8/3t Ut) • (2.4) 



Projecting this equation on each of the basis states tand i|»2 and 

3 3R 3 30 3 
noting that gtf = 3lT 3R + 96* ŵ ere ̂  *s t̂ e magnitude and 

0 is the rotation angle of the internuclear separation vector, gives 

the following set of coupled differential equations for the 

coefficients a(t) and b(t): 

ijCt) = J" Eĵ ft) -

3R 3 . 30 3 

3R _9_ _3 3_ 
3t 3R " 3t 30 

<*, 
3t 3R 3t 30 |̂ 2> a2(t) , 

a,(t) = lE2(t) -<*2 
3R _3_ _9_ _8_ 
3t 3R " 3t 30 

3R 3 30 3 I . \ f. ̂ 
3t 3R 3t 30 V 1C 3 

axCt) 

a2(t) 

(2.5) 

The last term in each of these expressions causes i|/(t) t0 be a time 

varying mixture of and ip2 independent of the initial conditions. 

These terms are made up of two operators that correspond to two 

physically different types of coupling. The first is the radial 

coupling operator 

3R _3_ _3_ 
cit 3R " VR 3R ' (2.6)  

where v̂  is the radial velocity of one nucleus relative to the other. 

It contains no angular operators and hence can only mix molecular 

states that have the same orbital angular momentum projections. The 

second is the rotational coupling operator 
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where L± is the orbital angular momentum projection operator 

perpendicular to the infinite separation intemuclear axis. Since Lx 

can be written as a linear combination of angular momentum raising and 

lowering operators L+ and L , this operator mixes molecular states 

that differ in orbital angular momentum projection by ±1. 

Rotational Coupling Models 

A detailed understanding of the rotational electron promotion 

mechanism is of secondary importance in this work because our measure

ments focus on electron promotions that are known to be dominated by 

the radial coupling process. However, this mechanism is partially 
a 

responsible for supplying the vacancies that are eventually shared by 

the radial coupling process and thus deserves at least a qualitative 

understanding. 

Considering the form of the rotational coupling operator given 

in Equation (2.7), we see that it is strongest when the angular velocity 

of the rotating intemuclear axis 6 is largest. This occurs near the 

point of closest approach during the collision when the intemuclear axis 

undergoes a sudden rapid rotation. For most collisions this is near 

the united-atom limit. Referring back to Figure 1, some of the 

strongest rotational couplings should exist between the 2pa - 2pir, 

3da - 3dir, 3pa - 3pir and 3dir - 3d6 molecular orbitals. 



, When actual calculations of rotational electron promotion 

probabilities are necessary the following works can be consulted. 

Russek (1971) has calculated the rotational electron promotion proba

bility at any molecular level crossing assuming Ê (t) - E2(t) = at. 

Briggs and Macek (1972) have made calculations of 2pa - 2pir rotational 

couplings in the united-atom limit for symmetric collision systems. 

Astner, Garcia and Liljeby (1975) suggested a simpler calculational 

model based on a perturbed united-atom approach that can also be applied 

to asymmetric collision systems. Finally, Taulbjerg, Briggs, and Vaaben 

(1976) have derived an approximate scaling law for K-shell excitation 

via the 2pcr - 2p7r molecular coupling. This scaling law permits the 

calculation of 2pa - 2pir cross sections for any elements by scaling the 

exact calculations for the deuteron-deuteron (D+ + D) collision system. 

Radial Coupling Models 

From a physical standpoint the radial coupling operator should 

be important when the radial motion of the system is most likely to 

induce a nonadiabatic response from the electrons. This generally 

occurs during the evolution of the electronic states from their 

molecular nature to their atomic nature; i.e., at internuclear 

separations where the separated-atom atomic orbitals begin to overlap 

significantly. In this region of internuclear separations there are 

no orbital crossings indicating a "long range" interaction fd'r the 

radial electron promotion process. 



The set of Equations (2.5) can be rewritten in matrix form 

as 

ih 

ax(t) '"llW 
Hl2(t) aj (t) 

42(t) 
— 

H22(t) a2(t) 
(2.8)  

A simple phase transformation of the form 

"ji/HjiCCXif 
â (t) = bjft) e (2.9) 

(t») - H (t')]dt« 
ih b.(t) = Hi:j(t)e n " b..(t) (2.10) 

reduces this set of equations to the set of equations 

T i ft, 

.. . ftle 

where i = 1,2 and j = 2,1. 

Based on the long range of the radial coupling and on the 

molecular nature of the collision system, Nikitin (1970) suggests that 

the coupling matrix elements can be approximated by exponential 

functions of the internuclear separation. Using this approximation 

for all of the radial matrix elements in the initial-states basis 

representation he finds, within the two-state approximation, that 

H11 " H22 3 Ae CI - cos 0 e_aAR°) (2.11) 

and 

Ae Q _-otAR0 
H12 * H21 = sin 0 e 

where 0 is a parameter of the model, Ae is the separated-atom binding 

energy differences, ARq is the difference between the internuclear 

separation Rq and the center of the interaction region R^, and A is the 



coupling strength parameter. Assuming a straight-line trajectory 

across the interaction region gives ARq = vRt. Substituting Equation 

(2.11) into (2.10) gives 

Ap -avijt ±£/Ae(l-cos0)e K df 
ihb.(t)= ̂  sine e e 11 b.(t) (2.12) 

1 * D 

where the (+) sign is for i=l and the (-) sign is for i=2. An exact 

solution to this general set of equations has not been formulated 

but they can be solved exactly for the special case 0 = tt/2 and 

approximately for general 0. 

Meyerhof (1973) solves this set of equations exactly for 

0 = IT/2 and finds that the probability for vacancy transfer w is 

given by the expression indicated in Equation (1.1): 

w = (1 + e2'X') 

Jl ir (I,1/2 - I21/2) 
where 2x = and I. > I., . 

& v 12 

Nikitin (1970) solves the set of Equations (2.12) assuming that 

is constant as a function of time and obtains 

-x(l-cos0) sinh x(l + cos0) 
w = e sinh 2x tZ-13J 

for the probability of vacancy transfer. Since this is an approximate 

solution in the sense that Ĥ  was treated as a constant, the range of 

x and 0 over which Equation (2.13) should be a good approximation is 



not clear. Assuming x̂  1/2 and x(l + cos0) ̂  1, Equation (2.13) can 

be rewritten to a good approximation as 

-2x(l-cos0) .... w = e . (2.14) 

Comparing this result at 0 = j with Meyerhof's result we see that for 

large values of x the two agree. We want to use the general vacancy-

transfer probability given in Equation (2.14) for all values of 

x ̂  1/2. Based on this comparison of the exact Meyerhof result and 

approximate Nikitin result at large x, we use 

w = (1 • eZxCl-cosS),-" (2.1S, 

for all values of x ̂  1/2 and x(I+cos0) i 1 for the generalization of 

Equations (1.1) and (2.14). 

The vacancy-transfer probability w can be rewritten in terms 

of the cross sections for vacancy production in the atomic orbitals 

as 

CT1 w = 
a i + a2 

where the 2 and 1 denote the least tightly bound and most tightly 

bound orbitals respectively. This definition assumes that all of the 

available vacancies are originally present in the molecular orbital that 

correlates to the least tightly bound separated-atom orbital. Combining 

this definition with Equation (2.15) and rearranging gives the general 

vacancy-sharing formula 
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1̂ _ e-2x(l-cos6) 

°2 
(2.16) 

V cos 0/2 sin 0/2 

• h • -sin 0/2 cos 0/2 

r * o 
*i 

J 
x  0 <f> 2 

The only undefined.parameter in Equation (2.16) is 0 and hence 

more insight into its physical significance is necessary. In Nikitin's 

most general definition, 0 is the Hilbert space rotation angle that 

determines the make-up of the final states of the system in terms 

of the initial states of the system. That is, 

(2.17) 

where the (J>̂  are the initial states and the <{k are the final states 

on the other side of the nonadiabatic region. If the initial states 

are both Is atomic orbitals then the final molecular states are made 

up of symmetric and antisymmetric (gerade and ungerade) combinations 

of the atomic states. This implies a value 0 = ir/2. For two 

dissimilar atomic states becoming molecular states, 0 can take on any 

value between 0 and ir. 

A more physical interpretation of 0 is also given by Nikitin. 

He solves for the energy levels throughout the nonadiabatic region by 

diagonalizirig the Hamiltonian matrix in Equation (2.8). This gives 

the energy splitting at the center of the nonadiabatic region in terms 

of 0 as 

AU(Rp) = 2Ae sin 0/2 . (2.18) 
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Thus, 0 is directly obtainable from knowledge of the energy separation 

of the molecular states at the center of the nonadiabatic region. 

Coulomb Excitation Models 

General Description 

The Coulomb excitation process involves the interaction of 

the Coulomb field of a swiftly moving charged particle with a bound 

electron. If this Coulomb field can impart enough momentum qQ = U/v, 

where U is the binding energy of the electron and v is the velocity 

of the particle, to promote the bound electron to a continuum state 

then an inner-shell vacancy can be created. Throughout this section, 

U instead of I is used to denote the electronic binding energy to 

conform with the literature on Coulomb excitation. 

Historically, there have been three different approaches to 

calculating the magnitude of this process. The first is the Plane Wave 

Born Approximation (PWBA) first worked on by Henneberg (1933) and 

later by Merzbacher and Lewis (1958), Madison and Merzbacher (1975), and 

Khandelwal, Choi and Merzbacher (1969). This approach uses a full quan

tum mechanical treatment of the initial and final states within the 

first Born Approximation. The second approach is the Semi-Classical 

Approximation (SCA) (Bang.and Hansteen 1959 , Choi and Merzbacher 1969) 

and Hansteen, Johnsen and Kocbach 1975) which treats the bound 

electron from a quantum mechanical point of view but treats the incoming 

particle classically. The third approach is the Binary Encounter 

Approximation (BEA) (Gryzinski 1965, Garcia 1970, Garcia, Fortner and 



Kavanagh 1973, and Hansen 1973). This approach treats both the incoming 

particle and the bound electron as classical particles by averaging the 

bound electron's velocity distribution over its orbit. 

The main features common to all these theories are that the 

excitation cross section depends directly on the square of the charge 

of the incoming particle and decreases as U~n where n »5 for projectile 

velocities much less than the semiclassical electron velocity 

vg = /2Ie/me . The first and last theories also lead to scaling laws 

when hydrogenic descriptions of the K shell are used. For the BEA 

theory this scaling law is 

V °BEA = Zl2 f(E/XuK' (2.19) 

where is the K-shell binding energy, is the projectile charge, 

X is the mass of the projectile in electron masses, and E is the 

laboratory energy of the incoming particle. 

The agreement of each of these theories with each other and the 

experimental data is quite good for .01 £ E/XÛ  s l, but at lower 

values of E/XÛ  the experimental results are observed to fall below 

the theoretical curves. Corrections to these theories in this low 

velocity region have been proposed to take into account the effects of 

increased binding due to quasimolecule formation and decreased 

penetrability due to Coulomb deflection of the projectile. Since this 

is the region of experimental interest in this work, both of these 

effects need to be taken into account. 



0_ _ Calculation 
2pcr 

Foster et al. (1976) have proposed a method for calculating 

Coulomb excitation vacancy-production cross sections for the 2pa 

molecular orbital. They suggest that the united-atom binding energies 

and a = 1/2 (Ẑ 2 + be substituted for the K-shell 

separated atom binding energy and projectile Z in the BEA scaling law 

given in Equation (2.19). This procedure is known to produce excitation 

cross sections that are large by factors of two or more, but is the 

best calculation procedure available at this time. 

Calculation 

Anholt and Meyerhof (1977) have proposed a semitheoretical 

method for calculating Coulomb excitation vacancy-production cross 

sections for the ls0 molecular orbital. To correct for the increased 

electron binding energy, they have considered the theoretical binding 

energy correction proposed by Basbas, Brandt and Laubert (1973). This 

has led to the assertion that the corrected ionization cross section cr 
n 

can be written in terms o£ the equivalent proton induced cross section 

W1) 

°p 35 

WW • VZH'V ZL Wh? 

n(ZH,vR) 

(2.20) 

where n is a parameter that depends only on (or Û ) and vR. The 

parameter n is determined by a polynomial fit to experimental data of 

n plotted as a function of £ = v/53T" Ẑ 2 v̂ /Û . Experimentally, it is 

not easy to measure direct Coulomb excitation cross sections for 



lsa vacancy production in nearly symmetric (Ur > U,, > U, ) collision 
rl L n 

systems. This results because the vacancŷ -sharing process from the 

2pcr molecular orbital dominates lsa vacancy production at most inter

action energies and in most target environments. Thus, all of the 

experimental data that is used to determine n are from very asymmetric 

(Pv < U, ) collision systems where Coulomb excitation is known to 
KL TI 

dominate lsa vacancy production. 

The Coulomb deflection correction factor used by Anholt and 

Meyerhof is taken basically from the work of Bang and Hansteen (1959) 

and Basbas et al. (1973). They had proposed a multiplicative 

correction factor of the form 

C(ZL, ZH, vR) = 9 E1q (TTd qQ e) (2.21) 

where d is one-half of the internuclear distanct of closest approach 

in a head-on collision and is the exponential integral of order 

10. The quantity e can be shown to be directly related to the binding 

energy correction given in Equation (2.20). This led Anholt and 

Meyerhof to propose the semiempirical expression 

e = 1 + 
u(zH+zL) - U(ZH) 

U(ZH) 
| • (2.22) 

This expression is based on the experimentally determined n rather 

than the theoretical expression for e given in the original derivation 

of Basbas et al. 



Anholt and Meyerhof have also given consideration to the fact 

that the electrons in the K shell of heavier ions are relativistic and 

theoretical calculations generally use only single electron, non-

relativistic wave functions to describe the target electron. If Dirac 

wave functions are used, the momentum distribution of the K-shell 

electrons will be different because of the divergence of the j = 1/2 

eigenfunctions near the origin. Bang and Hansteen (1959) proposed 

the multiplicative relativistic correction factor 

R(1,Zh,vr) « Q4C1-y) £l + (1+Y) f Qj 2 (2.23) 

where Q = qQ aR, y = (1 - a2Ẑ 2) , is the K-shell radius, and 

a = 1/137 which Anholt and Meyerhof have incorporated directly into 

their lso calculation. 

When all of these correction factors are put together the 

cross section for lscr excitation is 

aKCZL'W = VZH'V ZL2 
uk(zh+D 

WziP 

n 
C(Zl,zh»vr) RCWV 

CCI.ZJJ.V̂  RCl.Zjj.v̂  

(2.24) 

where Gp(Ẑ ,v̂ ) is the experimentally measured proton excitation cross 

section. If theoretical proton cross sections are used this expression 

reduces to 



WW • V 
W 
WziP 

Ĉ ZL,ZH,VR̂  R̂ ZL'ZH'VR̂  

(2.25) 

Dynamic Molecular Model 

Before considering how all of these excitation mechanisms fit 

into the molecular picture of Figure 1, we have to address the 

possibility of quantum mechanical interference between these three 

processes. Interference between the Coulomb excitation process and the 

rotational and radial processes will be small because the final states 

of the Coulomb excitation process are molecular continuum states while 

the final states of the molecular processes are bound molecular states. 

Interference between the rotational and radial excitation mechanisms 

should be small for our collision velocities because the radial 

mechanism operates at large internuclear separations while the rota

tional mechanism operates at small internuclear separations. This 

assertion is substantiated by the calculations of Briggs and Taulbjerg 

(1976) which show that very little overlap occurs between the two 

processed in the 0 - Ne system for 2pir - 2pcr - lsa vacancy transfer. 

Since all of these mechanisms can be treated separately they 

can be represented on the .correlation diagram of Figure 1 as shown 

in Figure 4. The radial coupling probabilities are denoted by the 

w's with Wj indicating the vacancy-transfer probability between the 

lsa and the 2pa molecular orbitals, ŵ _L indicating the 2pcr and 3da 

molecular orbitals, and ̂  indicating the vacancy-transfer probability 
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Figure 4. Single-electron correlation diagram indicating the major 
inner-shell excitation mechanisms—Coulomb excitation 
(Cj and C2), rotational coupling (R. and R,), and radial 
coupling (w, w2, and «K_L)• 



between the 2pir and 3dir molecular orbitals. Other radial excitation 

mechanisms are possible but are not thought to be important (Briggs 

and Taulbjerg, 1976) in K-shell excitation processes so they are not 

indicated on Figure 4. The important rotational vacancy-transfer 

probabilities are denoted by (2pir - 2pcr) and Rg (3dir - 3da) 

respectively. The Coulomb excitation mechanisms are denoted by and 

C2 and represent direct excitation of electrons from the lscr and 2pa 

molecular orbitals to continuum states. 

To consider the possible ways to obtain an excitation in either 

the lŝ  or lŝ  atomic states after a collision, we define as the 

cross section for vacancy production in the 2pa molecular orbital via 

the 2pir - 2pcr manifold, as the vacancy-production cross section 

into the 2pcr molecular orbital via ŵ _L> and as the direct Coulomb 

excitation cross section for the lsa molecular orbital. The total 

cross section for vacancy production into the lsT atomic state can 

be written in terms of these quantities as 

*13, = C1 " Wl)CT2pa + aK-L + wlaCl • f2*26) 
L 

Similarly for the lŝ  atomic state 

°lsH * °2p0 "l * °C1(1 " V'" <2"27> 



These expressions assume that ŵ  ̂  and ŵ  are only important on the 

outward part of the collision. This should be the case for collision 

partners with Z i 10 because .no vacancies are available in the 3da arid 

2pa states during the first half of the collision. Taking the ratio 

of Equations (2.26) and (2.27) give;s 

a 
1SH . . , V "1 - JC1 

°lsL °L »-"l' * CK-L * "l °C1 

For the K-K vacancy-sharing processes we are considering, 

°K-L "»J W1 "ci « °2po • 

Thus, Equation (2.28) reduces to 

=  e - 2 l X l  +  ( 2  2 9 1  
«L <V ' ' 

after the substitution of the Meyerhof result for ŵ  from Equation 

(1.1). We see from Equation (2.29) that if the radial coupling term 

_2|xl e 1 1 can be made small enough then it would be possible to observe 

the effects of the term containing the direct lsa cross section. 

Experimentally, there is another process that can lead to 

vacancy production in the target atoms. It is possible to produce 

K-shell vacancies in target atoms by interaction with recoiling target 

atoms as suggested by Jones et al. (1975). This is a second order 

process and should be orders of magnitude smaller than the direct beam 

first order processes provided the target-target and projectile-target 
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vacancy-production cross sections are nearly equal. If the target is 

the light collision partner, the target-target and projectile-target 

vacancy-production cross sections are nearly equal and the target-

recoil effect should make no contribution. If the target is the heavy 

collision partner, the target-target vacancy production cross section 

will be orders of magnitude larger than the projectile-target cross 

section. Thus, for heavy targets, the target-recoil effect may 

compete with direct lsa excitation. Defining the target-recoil cross 

section as 

®R " WT- <2-30> 
o 

where YR is "'the number of vacancies produced from target recoils, N is 

the target atom number per area and IQ is the incident ion flux, and 

including this new possibility in Equation (2.29) gives 

= .-2W • * "» (2 31) 

°L °2ptJ ( " 

for collision systems in which the target is the heavy partner. 

Target-Recoil Cross Section Calculation:. 

The differential cross section for a Coulomb scattering process 

is given in the center area of mass system by 



where and are the projectile and target charges, Ê  is the 

center of mass collision energy and 0 is the center of mass projectile 

scattering angle. Assuming a thin target of nt atoms per cm2, the 

yield of incident particles scattered into the center of mass solid 

angle dfl* is given by 

dY = I nt dfi* (2.33) 
s o dii* 

where I is the incident beam flux. There is a one to one corre-o 

spondence between the number of beam particles scattered into d£2* and 

the number of recoil particles scattered into the center-of-mass-recoil 

solid angle d£i'. Thus, the number of recoil atoms scattered into dfi' 

is just 

dYR " " (2'34> 

For a thin target, the beam flux in the forward direction will 

remain essentially constant. Thus, the Coulomb scattering process 

will on the average occur a distance t/2.into the target. The total 

yield of vacancies produced in the recoil and target atoms from recoils 

into dfl1 is 

dYv = dYR nt C°S g CT(ER) (2.35) 

where t, is laboratory recoil angle and a(ER) is the vacancy-production 

cross section at the recoil energy ER. Cos t, can be written in terms 

of the center of mass projectile scattering angle 8 as 

cos Z = sin 0/2 . (2.36) 



The recoil energy can be written in terms of the incident laboratory 

energy Ê , the projectile and target masses m̂  and n̂ , and 0 as 

4 m- m_ 
ED = Er 7 r-A" sin2 0/2 R L (m. + m~) ' (2.37) 

For low energies, a(E) can be approximated by 

a(E) = AEA (2.38) 

where A and % can be determined by the slope and intercept of a 

log-log plot of cf(E) versus E. 

Substituting Equations (2.34), (2.36), (2.37), and (2.38) into 

Equation (2.35) gives 

jjY - T n2t2 

V - Xo — 

e2 (m1+m2)2 

4 m2 EL 

5 
4 ml m2 

L (mj + m2)2 
sin211"3 0/2 dft* . 

(2.39) 

Integrating Equation (2.39) over dS2* gives the total vacancy yield 

from the target-recoil process. Substituting this yield into 

Equation (2.30) noting that N = nt gives 

a"s24'L1i7mt (zi22e2>2A 
m̂ fi. 

1-2 
R 

(fflj + m2) 
2(Jl-l) L 

(2.40) 

Quasimolecular Calculation 

Within the quasimolecular picture there is a second mechanism 

besides Coulomb excitation which can produce vacancies in the 2pa 



molecular orbital. Consider the diagram in Figure 4 with the light 

atomic system being the beam ions. As the beam transverses the target 

medium, an equilibrium will be established such that a fraction of the 

beam f(v) will have a vacancy in the 2p̂  atomic state. When one of 

this fraction has a collision with a target atom it is possible to 

transfer this vacancy from the 3dir to the 2pir molecular orbital by 

radial coupling during the first half of the collision. The probability 

for this transfer is During the united-atom portion of the 

collision this vacancy can be rotationally transferred from the 2pfr 

molecular orbital to the 2pa molecular orbital via R̂ . 

The total cross section for this process is given by Meyerhof 

et al. (1977) as 

f (v) w_ crR 

-v - —r~̂  C2-41) 

where cr̂ ot is the 2pir - 2pa rotational transfer cross section. The 

factor 3 is a statistical factor derived by Macek and Briggs (1973). 

The radial coupling probability is given by Meyerhof et al. as 

2 x *  - l  w2 = (1 + e ) 

Jl it (I 1/2 - I 1/2) 
2x' = .89 

v5i v 

(2.42) 

where IJJ and 1̂  are the heavy and light atom 2p ionization energies, 

m is the projectile mass and v is the projectile velocity. The 

factor of .89 was empirically determined. The rotational 
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cross section â Qt can be calculated using the previously mentioned 

scaling relation of Taulbj erg et al. (1976). The fraction f(v) has 

been discussed by Garcia (1975) for the production of single vacancies 

in a state. For the eventual application in this paper f(v) will be 

a major contributor to the equilibrium charge state of the beam as 

it transverses the target. Thus, multiple vacancies in the 2p̂  state 

are likely. Estimates of f(v) can be made using the equilibrium 

charge state distribution given by Betz (1972) for ions transversing 

a gaseous medium. 

Multiple-Vacancy Fluorescence Yields 

Any measurements that obtain the yield of inner-shell vacancies 

from measured x-ray yields require accurate knowledge of the 

fluorescence yield (u = radiative decay rate/total decay rate) of the 

state under consideration. Usually it is assumed that the fluorescence 

yields for the neutral atomic systems, as compiled by Bambynek et al. 

(1972), can be used to convert x-ray yields to vacancy yields for 

heavy ion-atom collisions. In some cases this assumption is reasonably 

good but for others it can lead to vacancy yields that are wrong by 

factors as large as 10 [see the review article by Garcia et al. (1973)]. 

It is well known that this variation in fluorescence yield is 

due to the production of multiple vacancies in higher shells during 

the production of the primary vacancy under consideration. This has 

led Larkins (1971) and Fortner et al. (1972) to calculate the multiple-

defect configuration fluorescence yields for the Ar K and L shells, 



and the Cu L shell respectively. Their calculations assume that the 

overlap of the relevant wave functions is unaffected by the defect 

configuration and only the relative populations of the states change. 

If a subshell contains n electrons when it normally can contain nQ 

electrons and if each electron couples to an electron in another 

subshell during the Auger process, then the corresponding full subshell 

Auger rate is reduced by n/nQ. The same is true for electrons involved 

in the radiative vacancy filling process. The Auger process can also 

involve two electrons in the same subshell requiring the reduction of 

the full subshell rate by n(ri-l)/no(no-l). 

We have done similar calculations for the K shells of Ar, CI 

and Al. The full shell radiative and Auger rates were obtained from 

the work of McGuire (1969). Table I shows the results of these 

calculations. It lists the defect configuration; the KLL, KLM̂  and 

KLM2 3 Auger rates; the sum of the Ka and Kg radiative rates; the total 

rate; and the resultant fluorescence yield. Larkin's calculations have 

shown that the K-shell fluorescence yield is insensitive to the 

M-shell defect configuration and consequently we have only included 

variations in the L-shell defect. 

The calculations indicate that if the 2p electrons are removed 

sequentially, the fluorescence yield increases gradually. If one of 

the 2s electrons is removed, the fluorescence yield rises sharply 

because these electrons only contribute to the Auger rate. It should 

also be noted that the neutral-atom fluorescence yields for Ar and CI 
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Table I. Calculated fluorescence yields for Ar, CI, and A1 with various 
L-shell defect configurations. 

Included are the various partial shell Auger and radiative 
rates used in the calculation. 

Defect 
akll aklm1 A,CLM2,3 

EARad Z(̂ ARad+AAug-) 
(0R 

Configuration (xl0-4au) (xl0"'fau) (xl0-l*au) (xlÔ au) (xl0-*au) 

Ar [Is] 169.0 10.2 25.0 28.4 232.6 .122 

Ar[ls2p3p3] 126.8 8.9 10.9 22.8 169.4 .135 

Ar[ls2p23p3] 90.5 7.7 9.4 18.5 126.1 .147 

Ar[ls2p33p3] 60.4 6.4 7.8 14.2 88.8 .160 

Ar[ls2p43p3] 36.2 5.1 6.3 9.8 57.4 .171 

Ar[ls2pS3p3] 18.1 3.8 4.7 5.5 32.1 .171 

Ar[ls2p63p3] 6.0 2.6 3.1 1.2 12.9 .065 

Ar[ls2s2p3p3] 90.5 7.7 9.4 22.8 130.4 .174 

Ar[ls2s2p23p3] 60.4 5.1 6.3 14.2 61.8 .230 

Ar[ls2s2p33p3] 36.2 6.4 7.8 18.5 93.1 .199 

CI[Is] 164.0 7.89 16.4 22.4 210.7 .106 

CI [Is2p3p4] 123.0 6.9 5.7 18.0 153.6 .117 

CI[ls2p23p4] 87.9 5.9 4.9 14.5 113.2 .128 

CI[ls2p33p4] 58.6 4.9 4.1 11.0 78.6 .140 

CI[ls2p43p4] 35.1 3.9 3.3 7.6 49.9 .152 

CI[ls2pS3p4] 17.6 3.0 2,5 4.1 27.2 .151 

CI[ls2p63p4] 5.9 2.0 1.6 0.6 10.1 .059 

A1 [Is] 110.0 4.14 .3 5.38 119.8 .045 

Al[ls2p3s23p6] 82.5 0 0 4.43 86.9 .051 

A1[ls2p23s23p6] 58.9 0 0 3.54 62.4 .057 

A1 [ls2p33s23p6] 39.3 0 0 2.66 42.0 .063 

A1 [ls2p43s23p6] 23.6 0 0 1.77 25.4 .070 

A1 [ls2p53s23p6] 11.8 0 0 0.89 12.7 .070 

A1 [ls2p63s23p6] 3.9 0 0 0 3.9 .000 

A1 [Is2s2p 3s 3p ] 39.3 0 0 3.54 42.8 .083 

A1 [Is2s2p33s23p6] 23.6 0 0 2.66 26.3 .101 

A1 [Is2s2p 3s 3p ] 11.8 0 0 1.77 13.6 .131 



are very close to the accepted values given by Bambynek et al. 

[û (Ar) = -122 and ŵ (Cl) = .095] but that of Al is much higher than 

the accepted value [(̂ (Al) = .023]. Thus before use is made of these 

theoretical values they must be scaled to the accepted neutral-atom 

value. 

Next, we consider the effect of M-shell vacancies on the 

fluorescence yield of the 2p state in the L shell. In Larkin's 

study of Ar, which contains no 3d electrons, he finds that as the 

3p electrons are removed, increases quite rapidly. This results 

because the 3p electrons only contribute to the Auger rate, and not 

to the radiative transition rate. For heavier systems, such as the 

Cu system studied by Fortner et al., 3d electrons are present. Their 

calculations indicate that sequentially removing 3d electrons has very 

little effect on <*>_ until six or more electrons have been removed. 
2P 

The reason for this is that until most of the 3d electrons are 

removed they dominate both the Auger and radiative rates. As more 

3d electrons are removed their relative importance to the total Auger 

rate decreases while they still dominate the radiative rate. Hence, 

decreases. When all of the 3d electrons are gone the situation 

is that of the Ar L shell and û p rises very rapidly with the 

subsequent removal of the 3p electrons. 

This previous behavior is based on the supposition that all of 

the 3d electrons will be lost before the removal of any 3p electrons. 

Consider what happens when the probability for having a 3p vacancy is 

the same as the probability of having a 3d vacancy. As an example we 
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take the case where five 3d and three 3p electrons are missing. By-

ignoring the 2p holes, the Cu results indicate that the fluorescence 

yield should be very nearly the neutral-atom fluorescence yield. When 

the 3p electrons are subsequently removed, they are only going to effect 

the Auger rate because they are excluded by selection rules from 

contributing to the radiative rate. Decreasing only the Auger rate 

causes the fluorescence yield to increase, becoming larger than the 

neutral-atom fluorescence yield. This argument can be used for 

defect configurations containing up to six 3d vacancies. The important 

feature to note is that as long as there are six or less 3d holes, the 

fluorescence yield will be a monotonically increasing function of the 

number of 3p vacancies. 

The 2p states that are considered in this work are split by 

the spin-orbit interaction into 2 states with total angular momentum 

J = 3/2 and J = 1/2. The 3d state that dominates both the Auger and 

radiative rates is also split by the spin-orbit interaction into 2 

states with total angular momentum J = 5/2 and J = 3/2. For the 2p̂ 2 

state, both the 3dĵ  an<* ̂ 5/2 states contribute to the Auger and 

radiative rates. Hence the previous arguments govern the vacancy 

dependence of w_ 
3̂/2 

For the 2p̂  state, only the 3d̂ 2 state can contribute to 

the radiative rate because of the electric dipole selection rule 

AJ = 0 or ±1. However, both the 3d3̂  anc* ̂ 5/2 electrons contribute 

to the Auger rate. The removal of y 3dĵ  electrons will reduce the 

radiative rate by n/nQ = y/4. Since the spin-orbit splitting of the 
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3d state is small, the probability of removing a 3d̂ 2 electron should 

remain the same as the probability of removing a 3dĝ 2 electron. Thus, 

whenever y electrons are removed from the 3d̂ 2 subshell, statistically 

1.5 y electrons are removed from the 3d5̂ 2 subshell. The removal of 

(1 + 1.5)y electrons reduces the Auger rate by n/nQ = 2.5y/10 = y/4, 

leaving oil, unchanged. These statistical arguments indicate that 
1̂/2 

the previous vacancy dependences should also be good for au 
Pl/2 



CHAPTER 3 

EXPERIMENTAL DESCRIPTION 

General Facilities 

All of the experimental work described in this paper was 

conducted using the 5.5 million volt (High Voltage Engineering 

model CN) Van de Graaff accelerator facility at the University of 

Arizona. The major installation components are indicated in Figure 5. 

Positive ions produced in a radio frequency (r.f.) gas ion 

source located in the high voltage terminal, are accelerated along 

an evacuated acceleration tube. The 90° analyzing magnet at the base 

of the accelerator selectively bends any ionic species with a unique 

mass to charge ratio. The energy stability of the machine is maintained 

by sampling the charged beam, after the analyzing magnet, with a pair 

of charge sensitive slits placed perpendicular to both the bending 

plane of the analyzing magnet and the beam axis. These slits are 

connected to a feedback circuit which controls the terminal voltage 

by increasing or decreasing the corona leakage current. When the beam 

hits the upper slit the voltage is too low and the corona current is 

decreased. When the beam hits the lower slit the voltage is too high 

and the corona current is increased. Finally, the beam can either 

pass directly into the target chamber or through a magnetic quadrapole 

lens for additional focusing and then into the target chamber.. 
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Figure 5. Major components of the 5.5 million volt Van de Graaff facility at 
The University of Arizona. 
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When chlorine (CI) or argon (Ar) gas is used in the ion 

source it is possible to obtain up to 30 nanoamperes of beam current 

over an energy range of 6 to 16.5 MeV using the triply ionized species. 

The doubly and singly ionized species yield up to 200 nanoamperes and 

2 microamperes of current over energy ranges of 4 to 11 and 2 to 5.5 

MeV respectively. Using silane (SiĤ ) gas in the ion source yields 

doubly and singly ionized silicon (Si) beams of up to 50 and 300 

nanoamperes over energy ranges of 4 to 11 and 2 to 5.5 MeV respectively. 

A singly ionized aluminum (Al) beam of up to 100 nanoamperes over an 

energy range of 2 to 5.5 MeV was obtained by inserting an Al exit 

channel in the ion source. 

Gas-Target Chamber Description 

The gas-rtarget chamber used in these experiments was designed 

and engineered to 1) provide a gas-target region capable of target 

densities much greater than those obtainable using differentially 

pumped systems and 2) to provide a method of absolutely counting the 

number of incident beam particles thus making absolute measurements 

of vacancy-production cross sections possible. 

The high pressure capability was accomplished by using a 

thin, curved nickel foil to separate the gas cell from the evacuated 

beam tube. Nickel foils, without pinhole leaks and approximately 

500 yg/cm2, were mounted with a radius of curvature of approximately 

0.5 cm over a 0.1 cm2 beam aperture. This foil configuration allowed 

most of the incident beam to enter the gas cell while maintaining 



the capability of supporting a differential pressure greater than one 

atmosphere. 

The introduction of this Ni foil into the beam path results 

in 1) a 1 to 3 MeV average kinetic energy loss and a gaussian 

distribution of final energies because of energy straggling and 

2) a spatial spreading of the beam because of multiple scattering. 

The effect of both the energy and spatial spreading of the beam on 

any measurement needs to be carefully analyzed when considering the 

performance of this chamber. 

The capability to absolutely determine the number of incident 

ions was accomplished by stopping in a one mil aluminum foil any ion 

that leaves the observed region of the gas cell and counting the 

number of A1 Ka x rays produced. Ideally, this quantity should only 

depend oil the incident energy of the ions at the A1 and on the number 

of incident ions. Thus, if the number of A1 K x rays per incident 
(X 

ion is determined as a function of energy for a particular ion beam, 

the number of incident particles can always be :determined by knowing 

the incident ion energy and measuring the number of x-ray counts. 

This normalization technique is based on the fact that the 

total x-ray yield in the A1 is essentially independent of any vacancy 

preparation of the beam prior to the A1 normalization foil. To 

illustrate this for solid targets, where multiple-collision processes 

dominate inner-shell vacancy production, consider the state-vacancy 

fraction 
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£ _ average number of state vacancies per particle ,, 
maximum number of state vacancies per particle *• " 

in the projectile state that, via another collision, can produce the 

observed vacancies in the solid stopping target. For example, the 

solid-target and projectile collision systems described by the 

correlation diagram in Figure 4 receive Is vacancies in either 

collision partner via the indicated rotational and radial couplings 

from the 2p states of the projectile atom. Prior to entering the 

solid stopping material, the projectiles will have an initial state-

vacancy fraction fQ that contributes directly to the observed solid-

target x-ray yield. 

When f is a major contributor to the equilibrium charge 

state of the beam in the solid stopping target, Betz (1972) indicates 

that this equilibrium will be reached after the beam has traveled 

approximately 1 yg/cm2 into the solid target. Thus, the initial 

state-vacancy fraction fQ will only contribute to the observed x-ray 

yield during the first yg/cm2 of the projectile range. Betz also 

indicates that the equilibrium charge state in any medium is always 

less than or equal to the equilibrium charge state in a solid at the 

same projectile energy. Thus, the equilibrium value of f (f„) a eq 

small distance into the solid target is always greater than or equal 

to f . For small distances into the solid, the beam energy and f „ o > oj eq 

will be constants and hence the observed x-ray yield per yg/cm2 will 

be constant. Applying these results to the first 10 yg/cm2 of 

projectile range in the solid target indicates that the x-ray yield 



due to fQ will be less than 10% of the total observed x-ray yield. 

The total range of projectile ions with MeV energies is always greater 

than 100 yg/cra2 and although the x-ray yield per yg/cm2 decreases at the 

end of the range, the effect of fQ on the total x-ray yield should 

be less than a few percent. 

When f is not a major contributor to the equilibrium charge 

distribution in the solid, it can be written as a function of the 

distance into the target x as (see Gray et al. 1976) 

s v 

a ( -nc x — s s e 
-n a x 

+ fe s 5 (3.2) 

where <y is the vacancy-production cross section; ng is the target 

atom density; and a is the sum of a, the collisional de-excitation 
5 pS 

cross section acg, and the decay cross section l/ngvT. When there 

is no gas in the chamber, f = 0 because any vacancies contributing 

to fQ decay before reaching the normalization target. When gas is in 

the target chamber, fQ is given by the equilibrium value of an 

expression similar to Equation (3>2) 

a 
£ 3 ps f3 31 
0 a + cj _ + 1/n v r * 

Pg eg g 

At our gas-target atom densities of approximately 10 ng, the last " "s» LU 

-1 3 __ 2 term in the denominator of Equation (3.3) is approximately 10 cm 

This is orders of magnitude larger than any reasonable estimates of 

cr or a . Thus, pg eg 

f = a n v t. . (3.4) 
0 Pg g 



The relative importance of the second term in Equation (3.2) with 

respect to the first can be examined by expanding the exponentials for 

small x, equating the first and second terms, and solving for x to give 

a n 
x = Pg g v x . (3.5) 

a n  ̂ ' ps s 

We have already shown that if the initial beam preparation is 

unimportant after 1 yg/cm2 of projectile range, then the x-ray yield 

will be sufficiently independent of the initial projectile preparation. 

This implies that we want xp & 1 yg/cm2 where p is the solid target 

density. Substituting this inequality into Equation (3.5) yields the 

inequality 

a n 
1 (yg/cm2) * Pg g v xp (3.6) 

ps s 

which must be satisfied to guarantee the unimportance of the initial 

beam preparation. Typical upper limits for some of these parameters 

are T io~11* sec, v £ 5 x 108cm/sec, p. £ 20 x 106yg/cm2, and n /n g s 

s: 10_lt. Substituting these quantities into the Inequality (3.6) gives 

a £ 100 a (3.7) pg- ps 

which is satisfied for most gas target, solid target, and projectile 

combinations. 

This method of normalization may seem elaborate, but the 

standard normalization techniques proved to be unsatisfactory. Charge 

normalization produced erratic results because the charge state of 
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the incident ions (which must be known) depends upon too many 

uncontrollable parameters. Techniques involving the counting of 

Coulomb scattered particles were found to be impractical because 

surface-barrier particle detectors cannot be operated at the pressures 

generally used in the gas cell. However, counting Coulomb scattered 

particles is used to determine the x-ray yield per incident ion 

versus energy curve which is done with the gas cell evacuated. 

Figure 6 shows a top view of the target chamber set up to 

determine the normalization curve. The ion beam enters from the 

left and passes through the two tantalum (Ta) collimators labeled A. 

At C, the beam passes through the nickel window and into the gas cell. 

A third tantalum collimator (also labeled A) is used to limit the 

spatial spread introduced into the beam by the Ni window before the 

beam passes into the interaction region, which is indicated by the 

oblong observation aperture. After crossing the gas interaction 

region, the beam strikes the 1 mil aluminum normalization foil at D. 

The beam projectiles are completely stopped in approximately the first 

.05 mils of Al. The A1 x rays produced during this stopping process 

are observed from the back side of the Al foil through an evacuated 

region, by a cryogenically cooled intrinsic germanium detector. 

During the initialization phase, the gas cell is evacuated, a 

surface barrier particle detector is located at H, and approximately 

5 lig/cm2 of gold is deposited on the beam surface side of the 1 mil Al 

foil. As the beam passes through the gold layer a small fraction of 

the incident projectiels are Coulomb scattered by the heavy gold nuclei. 
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Figure 6. Top view of the gas target chamber. >&• 
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The particle detector, situated at an angle of 120° from the initial 

beam axis registers the number of particles scattered into the solid 

angle subtended by the particle detector. The particle detector has 

the added advantage that it also measures the energy of the scattered 

particles., When the particle detector energy calibration is known, 

the energy of the scattered particles can be accurately determined. 

For elastic scattering processes, the ratio of the scattered particle 

energy to the incident energy only depends on the projectile and 

target masses (m̂  and n̂ ) and the laboratory projectile scattering 

angle 11>. The expression for this ratio is given in Marion and Young 

(1968) as 

where Ê /EQ is the scattered to incident energy ratio. Knowing the 

number of scattered particles I and the incident energy on the 

aluminum, the number of incident particles IQ is given by 

is the differential Coulomb scattering cross section in terms of the 

incident center of mass energy EQ* and scattering angle 0, and dft* 

is the center of mass solid angle subtended by the particle detector. 

I I (3.9) 

* §• **• 

/J/T 
where N is the number of heavy target atoms per area, 5̂- (Eq*,0) 



The details of this calculation along with a sample calculation are 

given in Appendix C. 

Measuring the number of incident ions and A1 K x-ray counts oc 

at a variety of incident energies generates the normalization curve 

of x-ray yield per incident ion as a function of the incident energy. 

Figure 7 shows this normalization curve divided by 4ir for incident A1 

ions in solid Al. The solid dots and solid triangles represent data 

taken with two different nickel entrance windows. The open triangles 

represent data taken without a nickel window in place. The solid 

curves were generated by a least-squares fit to the Ni window in and 

the Ni window out results. The difference between these two sets of 

results is real and presently not understood. However, some of the 

possible mechanisms have been studied and can be eliminated. 

With the Ni window in place, either the determined Al x-ray 

yield is too small or the determined particle yield or interaction 

energy is too large. Effects such as the observation of additional 

Al K x rays produced in the Ni window or pre-excitation of the beam 

particles in the Ni window would be expected to increase rather than 

decrease the Al x<-.ray yield. The additional spatial spreading of the 

beam introduced by its passage through the Ni window results in a 

larger beam spot at the Al foil. This modifies the effective solid 

angle of both the x-ray and particle detectors and introduces different 

particle scattering angles 010 for different parts of the beam spot. 

Estimates of the magnitude of these three effects indicate that the 

largest possible beam spot size would increase the particle detector 
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Figure 7. Measured Al K + K„ x-ray yield per Al 
a solid Al target ̂ versus the incident 

ion stopping in 
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solid angle by a maximum of .7% and have no measurable affect on the 

scattering angle or the x-ray detector solid angle. 

The energy straggling effect causes the beam of particles 

leaving the Ni foil to have a nearly gaussian distribution of particle 

energies about some average energy Eq. The Coulomb scattering process, 

being proportional to 1/E2, selectively favors the low energy portion 

of this energy distribution. The x-ray production process has an 

approximate energy dependence proportional to E . Our experimental 

observations indicate 2 si£5. This energy dependence selectively 

favors the high energy portion of the distribution. Estimates of the 

average energy selected by each process have been made by approximating 

the gaussian energy distribution by a triangular energy distribution 

with the same FWHM. Both of these estimates depend strongly on the 

FWHM of the energy distribution and Eq. 

Experimental determination of these straggling widths was 

accomplished by measuring the scattered particle widths with the Ni 

foil both in and out of the beam. . The observed line shapes for each 

case were gaussian. With the Ni foil out, the FWHM of the instrumental 

distribution (I*j) was measured to be 102 keV, independent of the 

incident particle energy. With the Ni foil in, the total widths (T̂ ) 

were determined as a function of energy and the straggling widths 

were calculated as 

r = /r 2 - r.2 
s T I (3.10) 



Equation (3.8) was used to convert the straggling widths observed 

at the particle detector into the original unscattered particle . 

straggling widths. At the lowest energy (500 keV) indicated in 

Figure 6, the Ni straggling width for A1 ions was determined to be 

6.5% of the A1 ion energy lost in the Ni foil. At the highest 

energy (2.5 MeV), the width was determined to be 10% of the A1 ion 

energy lost in the Ni foil. Between these two limits, the percentage 

varied linearly as a function of Eq. For example, the energy lost in 

the Ni foil producing the 1.0 MeV beam is 1.75 MeV. This indicates 

a straggling width of 126 keV. 

Using these measured widths, our estimates indicate that 

1) the measured incident energy Eq is low by no more than 1% at any 

energy, 2) the incident particle yield is nearly exact because the 

scattered energy centroid (which contains the 1/E2 skewing effect) 

was used to convert the detected particle yield to incident particle 

yield, and 3) the x-ray yield at 2.5 and .5 MeV are high by 1.3% and 

11.5% respectively. Each of these corrections is in the wrong 

direction to account for the observed difference in Figure 7. 

The lack of an explanation for the difference shown in Figure 7 

should not hinder' determination of the incident particle yield. Since 

the Ni foil will always be in place, the lower curve should give the 

right result. Also, this curve already includes the important energy 

straggling effects, eliminating the need to make these corrections as 

long as the Ni foil is the dominate source of beam energy loss. 



When the gas cell is evacuated, the measured energy at the 

aluminum is the exit energy from the Ni foil. A plot of this exit 

energy as a function of the incident beam energy is shown in Figure 8. 

Two different Ni windows are represented by the solid dots and triangles 

respectively. The solid curve is the result of a least-squares fit 

to the data. The broken curve is a calculation based on the range 

tabulations of Northcliff and Schilling (1970) for aluminum ion 

transversing a 514 lig/cm2 Ni foil. The agreement is quite good at 

the higher energies, but a 10% difference between the calculated and 

measured energy lost in the Ni foil is observed at the lowest energies. 

Because of this observed difference, a 10% uncertainty will be assigned 

to any energy loss calculation that uses the Northcliff and Schilling 

tabulations. 

Figure 9 shows a side view of the gas-target chamber, illus

trating the experimental geometry during the acquisition of the 

vacancy-sharing and cross-section data. The beam enters from the left 

through the first two collimators labeled A. It passes through the Ni 

window at C and enters the gas containing region of the chamber. 

Once the beam is recollimated, it enters the observation region of the 

lithium-drifted silicon.Si(Li) detector located in an evacuated region 

below the target chamber. This detector records any interactions 

between the gas and beam particles by detecting the x rays emitted in 

this region. Its view is restricted in such a manner that x rays 

produced at the previous collimator or in the 1 mil A1 normalization 

foil at D are not observed. The Si(Li) detector is sensitive to 
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Figure 8. Measured A1 ion exit energies after transversing a 
514 ug/cm2 Ni foil versus the incident ion energy. 
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both the number and energy of the observed x rays and stores this 

information via electronics in a multichannel analyzer. 

All but a very small fraction of the beam continues across 

the interactions region and stops in the 1 mil aluminum foil. The 

x rays produced as the beam stops are counted by the intrinsic Ge 

detector that observes the back side of the 1 mil aluminum foil 

through an evacuated region. This yield information as well as the 

x-ray energy is stored simultaneously with the Si(Li) detector informa

tion in the multichannel analyzer. 

The average energy of the beam particles at the center of the 

Si(Li) observation region and at the 1 mil aluminum are calculated 

using the experimentally determined Ni energy loss and the tabulations 

of Northcliff and Schilling (1970) for the energy lost in transversing 

a thickness of gas. When the energy lost in the Ni has not been 

experimentally determined (Si, Ar, and CI beams), than the energy lost 

in the Ni is also determined by calculations using the range tabulations 

of Northcliff and Schilling. 

i 
Solid-Target Chamber Description 

All of the solid-target results presented in this work involve 

only the measurement of the ratio of target to beam atom x rays. This 

ratio is independent of the number of incident particles, making a 

normalization procedure unnecessary. Thus, a much simpler experimental 

apparatus could be used. 



Figure 10 shows a schematic diagram of the basic components 

of the solid-target chamber. The ion beam enters from the left, 

passes through the collimator, and through a thin foil mounted at 36° 

with respect to a plane perpendicular to the beam axis. This thin 

self-supporting target foil is mounted across a 1/2 inch opening in 

a copper foil holder. The alignment is such that the collimator allows 

the beam particles to hit only the foil target and not the target 

holder. After the foil, the beam particles are collected in a Faraday 

cup and the resultant charge is used for beam monitoring purposes. 

When the beam particles pass through the foil, vacancies are 
/ 

produced in both the projectile and the target atom's. The lifetimes 

of the inner-shell states produced are less than 10"1I,sec. At our 

projectile velocities of approximately 108cm/sec, all the interesting 

vacancies decay within 10"6cm of the production point. Thus, the 

Si(Li) x-ray detector that observes the target area from below records 

the x rays emitted from both the beam and the target. Both the x-ray 

energies and intensities are electronically stored in a multichannel 

analyzer. 

Five different elements were used as targets in this chamber. 

The standard technique for making these foils involved vacuum 

evaporation of the elements onto microscope slides coated with a 

release agent such as Creme Cote or barium chloride (BaĈ ). The thin 

foils were floated from the slides in water, picked up on the foil '' 

holders, and left to dry. Because of difficulties with some of the 1 

elements, modifications of this basic procedure were necessary. 
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Because the tin (Sn) and antimoney (Sb) targets would not hold 

together during the floating process, slides with approximately 

6 yg/cm2 of carbon on a Creme Cote substrate were used in the vacuum 

evaporation process. The Sn and Sb on the carbon backing were easily 

floated and mounted. The resultant thickness of the Sn and Sb was 

determined by weight to be 30 yg/cm2 and 27 yg/cm2 respectively. The 

introduction of the carbon backing was found to have little effect on 

the experimental results because the number of beam excitations 

produced in the carbon is orders of magnitude smaller than the number 

produced in the Sn and Sb. 

Yittrium (Y) targets were also impossible to produce without 

a carbon backing. When thin (6 yg/cm2) carbon backings were tried 

the targets were still impossible to mount. By using a 32 yg/cm2 

carbon backing, 46 yg/cm2 Y foils were produced. Unfortunately, the 

number of beam excitations from the carbon in this target could not 

be ignored. A correction was performed by observing the number of 

x rays produced in a 32 yg/cm2 carbon foil and subtracting this number 

from the yittrium target results. Charge normalization was used for 

this procedure and the corrections were always less than 30% of the 

total beam x-ray yield in the yittrium target. 

Copper (Cu) and aluminum (Al) foils were produced without 

using carbon support backings. Cu foils of 90 yg/cm2 and 133 yg/cm2 

thicknesses were produced and used in this experiment. Al foils, 

17 yg/cm2, were produced and used in the Ar on Al experiment.. 

Contaminations in the Al foil were found to catase extra Ar coimts with 
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very little indication of the contaminate in the x-ray spectrum. This 

is possible because the Ar yield from the Ar-Al collision is small and 

the Ar yield from a contaminate such as calcium (Ca) can be many times 

larger than the observed Ca yield because of the vacancy-sharing 

process. 

Proton trace analysis of these A1 targets indicated a Ca 

impurity and every effort was made to remove it. Experimentally it 

was found that corrections could be made to the Ar yield for the 

unremovable Ca for interaction energies greater than 2 MeV. Below 

this energy, the uncertainty in the correction becomes greater than 

the corrected argon x-ray yields from the Ar-Al collisions. 

Data Collection Electronics 

Three different electronic configurations were necessary to 

carry out the cross-section and vacancy-sharing experiments. The 

most general configuration, required by the normalized gas-target 

experiment because of the simultaneous operation of two separate x-ray 

detector systems is shown in Figure 11. When a particle detector is 

used to determine a normalization curve, the Si(Li) electronics are 

replaced one for one by the equivalent surface-barrier particle 

detector electronics. The vacancy-sharing electronics, which only 

required the use of the Si(Li) detector system are indicated in the 

left half of Figure 11. 

The heart of the electronic configuration consists of a 

lithium-drifted silicon Si(Li) x-ray detector and an intrinsic 



63 

Si (Li) 
Detector 

Intrinsic 

Detector 

Feedback Pulse 

Inhibit 
Input Inhibit Input 

Gate 

Busy 

11 Master 
Gats 

Master 
Gate Analyzer 

on Output 100 Khz 
Clock 

Preamp 

Counter 

Linear 
Amp 

Counter 

Sum 
Amp Multiplexer 

A to D Converter 

Pulsed-
Optical 

Feedback 
Preamp 

A to D Converter 

Unear 
Amp and 
Pile-up 

Inspector 

Multi-Channel 
Analyzer 

Figure 11. General data collection electronics. 



germanium (Ge) x-ray detector that operate at liquid nitrogen tempera

tures. The Si(Li) detector is capable of registering x rays with 

energies from 750 eV to 100 keV with a FWHM energy resolution of 160 eV 

at 5.6 keV. The intrinsic Ge detector is capable of registering x rays 

with energies from 1.5 keV to 1 MeV with a FWHM energy resolution of 

225 eV at 5.6 keV. 

When an x ray enters either detector it is converted to 

electron-hole pairs. The number of electron-hole pairs produced is 

directly proportional to the energy of the absorber photon. These 

electron-hole pairs are swept out of the detector by a strong electric 

field and the resultant charge is integrated by a charge sensitive 

preamplifier. The output of the preamplifier is a signal whose pulse 

height is directly proportional to the integrated charge. 

The basic operation of the two preamplifiers is as described, 

but each has a different feedback method for holding the gate of their 

input field effect transistor (FET) at ground potential. The Si(Li) 

preamplifier has a resistive feedback system which continuously controls 

the FET input level. The Ge preamplifier has a pulsed optical feed

back system which allows the input to drift within certain limits. 

When these limits are reached, the input of the FET is reset optically 

by a pulsed light-emitting diode (LED). During this optical reset 

operation the Ge system does not function properly and any x-ray signal 

generated during this time has to be discarded. This time period is 

signaled by the generation of an inhibit logic pulse within the 
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preamplifier whose duration is sufficient for the system to recover 

completely from the feedback operation. 

The linear signals from each of the two preamplifiers are 

connected to their respective linear amplifiers. Here the signals are 

shaped and amplified to a few volts. The Si(Li) amplifier is equipped 

with pulse pile-up rejection circuitry that senses if a second photon 

enters the detector before the previous charge collection is complete. 

When this occurs, too much charge will be collected and a false photon 

energy will be recorded. Thus, when a pile-up is detected, the Si(Li) 

amplifier generates a logic pulse that can be used to reject the false 

reading. 

The shaped and amplified pulses enter analog-to-digital 

converters (ADCs). Here, a digital address is generated that is 

directly proportional to the incoming pulse height. It is also at 

this point that the previously generated logic signals are used to 

reject a photon signal or turn off the storing electronics by inhibiting 

the input to the respective ADC. During the period when the inhibit 

signal is activated, the detector is considered dead and this time 

must be accumulated as part of the detector's dead time. The anti

coincidence input used to inhibit the ADC is not considered part of the 

dead-time signal generated internally by each ADC. Thus, the inhibit 

signal must be externally added to the system dead time generated by 

each ADC. 

For the Ge detector system the inhibit pulse and the dead-

time signal from the ADC are added together in the summing amplifier 



and used to gate "on" the right counter. The inputs to each of these 

counters are connected to a 100 kilohertz clock. Their master gates 

are connected to a signal generated in the multichannel analyzer that 

signifies the system in the data acquisition mode.. Thus, the left 

counter keeps track of the total run time and the right counter keeps 

track of the Ge system dead time. 

A dead-time signal is not generated for the pile-up rejection 

in the Si(Li) system because at the low counting rates used in this 

work the dead time due to pile-up was always less than one percent of 

the live time. The use of the pile-up option helps keep the resulting 

spectrum "clean" and reduces the probability of two aluminum x rays 

appearing as an argon x ray. This latter process could cause large 

errors in the Al-Ar results and a special effort was made to make sure 

that this circuitry was working properly. A system dead time for the 

data storing process is generated for the Si(Li) system in the ADC 

and is recorded in the lowest channel of the multichannel analyzer (MCA) 

available to the Si(Li) system. 

Once the linear signals have been converted to digital addresses, 

these addresses are sent from both ADC's to the multiplexer. Here an 

offset address is added to the Ge address so that it will appear in 

a different section of the multichannel analyzer (MCA) memory. If the 

MCA is not busy when an address is available at the multiplexer output, 

this address is incremented by 1 count. In this manner a spectrum of 

the number of photons versus photon energy is generated in a section of 

the analyzer memory. If the MCA is busy incrementing an address when 



the multiplexer receives a second address, this second address is 

discarded. This discarding process is the main contributor to the 

ADC-generated dead-time signal. 

Once the data is in the multichannel analyzer it is stored 

on magnetic tape under the control of a Nova minicomputer. These 

magnetically stored spectra are analyzed using the fitting programs 

described in the next chapter. 



CHAPTER 4 

DATA ANALYSIS AND EXPERIMENTAL RESULTS 

X-Ray Spectra Analysis 

The data collected from both of our experimental configurations 

are stored in the form of energy analyzed x-ray spectra. These spectra 

are the results of radiative dipole transitions to states with inner-

shell vacancies from states characterized by larger values of the 

principle quantum number n. Since we are only concerned with initial 

vacancies in the K (n=l) and L (n=2) shells, only electric dipole 

transitions to these initial states will be considered. 

Figure 12 shows all of the possible electric dipole transitions 

to the Is, 2s (L̂  subshell), 2P̂  ̂ subshell), and 2P̂  ̂CL3 subshell) 

states involving a change in principle quantum number n of 1 or 2. 

The transitions illustrated are governed by the radiative electric 

dipole selection rules AL = ±1 and AJ = 0, ±1 (except = 0) and 

are labelled with their historical designations. Transitions involving 

changes of An 3 are not indicated because they have small oscillator 

strengths and are not observed. The oscillator strengths of the 

indicated transitions vary and consequently not all of these transitions 

are observed. 

A typical ion-atom x-ray spectrum produced by argon (Ar) 

projectiles on a Xenon (Xe) gas target is shown in the upper half of 

68 
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electric dipole transitions to the K and L shells 
involving a change in n of 1 or 2. 



Figure 13. The two lowest energy peaks are the (K + K ) and 
ot ctj a2 

Kg (Kg + Kg ) transitions in Ar. The next four peaks are the 

L (L + L ), LQ , LQ , and L transitions in Xe. According to the 
a ox a2 Bj g2 Yl 

transition diagram, the Ka and Kg peaks are both due to radiative 

transitions to vacancies in the Is state. The sum of the areas under 

these two peaks is needed to obtain the number of Is vacancies produced 

in the Ar beam. The La and Lg transitions are both due to radiative 

transitions to vacancies in the subshell. The sum of the areas 

under these peaks is needed to obtain the number of subshell 

vacancies produced in the Xe. Lastly, the L„ and L transitions are 
P1 Y1 

due to radiative transitions to vacancies in the L2 subshell. The sum 

of the areas under these peaks is needed to obtain the number of L2 

subshell vacancies produced in the Xe. No transitions are observed 

that fill vacancies in the L̂  subshell because the interaction that is 

creating the vacancies selectively favors the L2 and Lj subshells over 

the subshell. 

The lower half of Figure 13 shows a proton-induced Xe x-ray 

spectrum. All of the Xe transitions induced by the Ar projectiles are 

observed plus the LB and L transitions to the L. subshell. This 
4 y2 1 

observed population of the subshell and the different intensity 

ratios between transitions to different subshells is indicative of 

the different vacancy-production mechanisms; Coulomb excitation for the 

proton projectiles and radial coupling for the Ar projectiles. The 

large energy shifts observed in the Ar-induced spectrum indicate 

substantial multiple-vacancy production in the Xe. 
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Figure 13. Xe x-ray spectra produced from collisions with 11-MeV Ar (upper) and 4-MeV proton 
(lower) projectiles. 
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In order to find the areas under these various peaks two 

approaches' are used. When the peaks are not well resolved, as is 

the case for the swapped L-shell spectra, then it is necessary to 

perform a least-squares fit to the observed spectrum using gaussian 

peak profiles and a polynomial background. Once a good fit is obtained 

the area under each gaussian is determined by integration of the 

functional fit. When the peaks in the spectrum are well separated, 

subtracting the background from the peak and integrating the result 

over the peak boundaries is sufficient. Both the K-K and unswapped 

K-L vacancy sharing data are analyzed in this manner because although 

the target and projectile x rays are unresolved the groups of x rays 

from the target and projectile atoms are resolved from each other. 

Thus, only the sum of the x rays emitted from each collision partner 

can be obtained. 

The first method involves the use of a least-squares computer 

code developed by D. Zurstadt (1969) at Argonne National Laboratory 

and subsequently modified by John Robson (1973) and this author at 

the University of Arizona. A detailed description of the algorithm 

used in this program to generate the areas and uncertainties in these 

areas is given in Appendix A. From a user's standpoint, this program 

requires an initial input of the widths (FWHM) and location (energy) 

of the various peaks to be fit. These quantities are easily obtained 

from scaled plots of the stored spectra. All of the peaks for a 

particular collision system are chosen to have identical widths because 

the observed spectral widths are determined by detector characteristics 



which are nearly independent of the x-ray energy. The location of the 

peaks are a function of the ionization state of the decaying atom which 

in turn depends on the collision energy. By trial fitting spectra at 

different beam energies, it is possible to estimate the x-ray energy 

shifts away from the neutral-atom x-ray energies as a function of beam 

energy. These shifts are approximately the same for groups of data 

composed of similar collision partners. Thus, predicting the initial 

shifted peak locations simply involves knowing the neutral-atom x-ray 

energies and the approximate x-ray shifts as a function of beam energy. 

The second peak integration procedure involves picking one, 

two, or three background regions near the peaks of interest to be 

least-squares fit to a first, second or third order polynomial. The 

standard deviation of this fit from the background data is used as the 

measure of the uncertainty in the background. The peak boundaries are 

chosen, the background is subtracted and the resultant is summed 

(integrated) over the peak boundaries to give the peak area. The 

uncertainty in the peak area is a combination of the uncertainty in the 

counting statistics in the peak and the average background uncertainty, 

(see Appendix B for a detailed description of this program). 

Gaussian line shapes are not used to fit all of the spectra 

because nongaussian line profiles are observed for some of the 

individual x-ray peaks. This was found to be the result of collecting 

data at x-ray rates in excess of 200 counts per second. Thus, when 

gaussian profiles are necessary for fitting purposes, the individual 

x-ray rates have been kept below 200 counts per second. 



The A1 K-x-ray spectra obtained by the intrinsic germanium 

detector during both the calibration and data taking sequences of the 

absolutely normalized Al-Ar experiment require special consideration. 

The aluminum K-x-ray energy is near the lower limit of the Ge detector's 

energy sensitivity and produces a peak which overlaps the low level 

detector noise. This peak also has a nonsymmetric line shape because 

of electron loss from the front surface of the Ge crystal. This is 

the result of essentially total A1 K-x-ray absorption in a thin layer 

on the front surface of the Ge crystal. Ordinarily, these effects 

would make it impossible to accurately integrate this peak area. However, 

the final particle normalized result only depends on the ratio of the 

area of two of these peaks. Varying the integration parameters indicates 

this ratio can be determined to approximately 3%. Since this uncertainty 

is much smaller than the uncertainty introduced into the normalization 

procedure by the uncertainty in the beam energy at the aluminum 

normalization foil, it is not of major concern. 

X-Ray to Vacancy Yield Conversion 

When the raw x-ray data have been analyzed to give the observed 

x-ray yield from a particular state, this yield must be converted to 

the total inner-shell vacancy yield. This requires corrections for 

absorption of the x rays between their point of origin and the detector 

and for nonradiative filling of a fraction of the inner-shell vacancies. 

The intensity loss of radiation transversing a material is 

given by 
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(4.1) 
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where IQ is the initial intensity, I the final intensity, y the mass 

attenuation coefficient of the absorber at the x-ray energy, and x the 

thickness of the absorber. The mass attenuation coefficients used in 

this work were obtained from a tabulation of the mass attenuation 

coefficients for elements with Z = 1 to Z = 94 and x-ray energies from 

.1 keV to 1 MeV by Veigele (1973). The quoted absolute uncertainty 

in.these coefficients is 2 to 5 percent for all of the cases considered. 

A value of 5 percent was used. Multiple vacancies in the atomic 

collision systems cause the x-ray energy and hence the mass attenuation 

coefficient to vary as a function of the collision energy. The mean 

value of the observed x-ray energy shifts is used to determine an 

average u (il) for each particular x-ray transition. The observed range 

of the x-ray energy shifts determines the uncertainty in p". Table II 

shows the experimentally observed x-ray energy-shift ranges of the 

indicated transitions for beam energies from 1 to 16 MeV. Also 

indicated are the average shifted x-ray energies and uncertainties used 

to calculate u.• Combining this uncertainty with the quoted absolute 

uncertainty gives the total uncertainty in ]I as 

The absorber thicknesses have been determined by weight and 

area measurements for all of the solid absorbers except the Be entrance 

Ay = /(Ayj)2 + (Av2)2 . (4.2) 
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Table II. X-ray energy shifts used to calculate mass attenuation 
coefficients for x-ray absorption corrections. 

Transition Range of Measured Mean Shift arid Uncertainty Used 
Designation Shifts (ev) in Absorption Calculation (ev) 

K« 10 - 50 30 + 20 

Ke 
60— 100 80 ± 20 

La 10 - 50 30 + 20 

10 - 50 30 + 20 

L*2 

60 - 200 130 + 70 

60 - 200 130 + 70 



window on the Si(Li) detector, and by pressure and distance measurements 

for all of the gas absorbers. The thickness of the Be entrance window 

covering the Si(Li) detector is factory specified as .45 ± .15 mils 

for our earlier data and .65 ±..15 mils for our later data. The 

uncertainties in the measured thicknesses were determined by making 

multiple measurements or by considering the limiting accuracy of the 

measuring device. The total uncertainty in (4.1) is given in the 

standard manner as 

The total absorption for multiple absorbing media is written as the 

product of the individual absorptions 

where n is the number of absorbers. The uncertainty in the total 

absorption is given by 

The correction for nonradiative filling of vacancies involves 

dividing the x-ray yield by the fluorescence yield of the state involved. 

The fluorescence yield of a state depends strongly on the defect 

configuration of the rest of the atomic system, and our measurements 

(4.3) 

(4.5) 



give very little quantitative information about this configuration. 

Because of this, neutral-atom fluorescence yields have been used 

exclusively to determine vacancy yields and the effects of this 

approximation will be considered in greater depth when the final results 

are discussed in Chapter 5. The particular values used were obtained 

from the experimental and theoretical compilation by Bambynek et al. 

(1972). 

Within the L shell, the nonradiative Coster-Kronig process 

can promote additional vacancies into the L2 and subshells from the 

Lj and subshells. Since we are interested in the collisionally 

induced vacancy distribution, consideration must be given to this 

additional redistribution process. 

Consider the correlation diagram of Figure 3 for swapped 

collision systems. Vacancies, produced in the 3da molecular orbital, 

are shared between the Is state of the light atom and the L subshells 

of the heavy atom. The theoretical expression for this sharing 

process (Equation 2.16) indicates that the vacancy-transfer probability 

decreases exponentially as the difference of the square roots of the 

K shell and L subshell binding energies, provided all other factors 

are equal. This indicates .that the collisionaily induced vacancy 

distribution among the L subshells should favor the subshell over 

the and subshells and the subshell over the subshell. 

This behavior is experimentally verified in the next chapter for the 

and L3 subshells. Combining the observed vacancy yields with the 

neutral-atom Coster-Kronig transition probabilities given by 



Bambynek et al. (1972) indicates that the observed -subshell yield has 

a Coster-Kronig contribution of less than 6% at the highest energies 

and less than 1% at the lowest energies. These percentages are much 

less than the uncertainties introduced in later corrections and can be 

disregarded. The subshell gives up at most 14% of its initial 

vacancies but this percentage should be roughly independent of the 

collision energy. As long as this percentage has no energy dependence 

it will have no effect on the eventual determination of the parameter 

0 given in Equation (2.16). 

When the K and L shells are not swapped, the correlation 

diagram in Figure 2 indicates that the 3da molecular orbital correlates 

to the Lj subshell of the heavy atomic system. The Coster-Kronig 

probability for vacancy promotion out of this level is so large that 

most of the initial vacancies end up in the and subshells. Thus, 

the number of initial vacancies produced in the Lj subshell is the 

sum of all the final vacancies present in the total L shell. 

K-K Vacancy Sharing Analysis 

The analysis of the K-K vacancy-sharing process involves the 

determination of the final vacancy populations in the Is states of 

the light and heavy collision partners. The total emitted x-ray yield 
Y(Ka) 

into the Si (Li) detector from either K transition is -=y=—,v where 
a ' o cv 

Y(K ) is the observed Kn x-ray yield and I/I (K ) is the absorption 
(X U O 0( 

fraction from the target to the detector crystal. Similarly the KR 
Y(Ks) P 

emitted x-ray yield is -=-r=—rv •> • The total vacancy yield H is found 
' o lV 



by summing the detected x-ray yields and dividing by the fluorescence 

yield of the state to give 

H = 
y<"q> 

f e y  
o 

Y(KB) 
— const, (geometry) u) 

(4.5) 

Defining r = 
y(v 

gives 

H = Y(Ka) 1_ 
ai (4.6) 

Experimentally, the Ka and Kg yields are integrated together and are 

given by Y = Yg. (1 + r). Multiplying and dividing Equation (4.6) by 
a 

1 + r gives 

H = Y 
(1+r) 

where A = (1 + r) 

o 

f e y  
o 

t ° v  

i- vi 
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f (V 

t ;  ( V  • 1  £  t y  

(4.7) 

The quantity that we wish to plot is the ratio 

R = H 
H, 

YH \ AL 
Y l ^ A h  

(4.8) 

where the L and H subscripts denote evaluation of the quantities for 
Y„ 

the light and heavy atoms respectively. We define X = and 
YL 



to. a. 
Z = . The uncertainty in X is determined by the counting 

"fa TI 
statistics in the Si(Li) detector while the uncertainty in Z is 

systematic in nature. Hence, the uncertainty in X will be responsible 

for the spread in the data while the uncertainty in Z will determine 

the absolute accuracy of the data. Propagating only the relative 

uncertainty to R gives 

2 
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The absolute uncertainties introduced by using neutral-atom fluorescence 

yields will be considered later and only the absorption uncertainties 

will be propagated to Z as 
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Part of the A1 on Ar data was collected with an additional 

0.25 mm Be absorber between the gas target and the Si(Li) x-ray-

detector. This reduced the detected A1 and Ar x-ray yields by factors 

of 10+3 and 3 respectively, eliminating any possibility of two-Al-x-ray 

pile-up contributing to the observed Ar x-ray yield. Since the 

individual x-ray yields were being normalized to the number of incident 

particles it was possible, by comparing the A1 and Ar x-ray yields with 

the 0.25 mm Be absorber both in and out, to measure the effective 

absorption fraction A [see Equation (4.10)] for the combined (Ka + Kg) 

x-ray yields for A1 and Ar in the 0.25 mil Be. These values were 

determined to be 9.43 ± 0.19 x 10"1* for the A1 x rays and 0.356 ± 0.024 

for the Ar x rays at 2.5 MeV interaction energy. Since only small 

x-ray energy shifts are expected over the interaction energy range 

considered, (0.7 MeV to 2.5 MeV) these values are used to correct 

for the 0.25 mm Be absorption for both sets of x rays at all of the 

interaction energies. 

The CI on Ar K-K vacancy-sharing data required a special 

analysis procedure because the Ar Ka and CI Kg transitions could not 

be resolved. These two x-ray yields have been separated by assuming 

that 

rCl -— = neutral atom value (4.11) 
Ar 

Y(C1 Kg) Y(Ar Kg) 
where rG1 = K y and r̂  = y(Ar K ) 311(1 measurinS tlle C1 Ka yield, 

the Ar Kfl yield, and the combined CI K„ -Ar K yield. 
P pa 
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Tables III through VIII indicate the results of this analysis 

for the collision systems CI on Ar, Ar on S, Si on Ar, A1 on Ar, Ar on 

A1 and Ar on Cu. They list the interaction energy of the collision 

(in the laboratory frame), the theoretically derived parameter x, the 

correction factor Z and the ratio R. 

A1 -*• Ar Cross Section Analysis 

Hie calculation of the absolute cross sections for vacancy 

production in the Is states of A1 and Ar requires the use of the 

normalization curve for A1 ions discussed in Chapter III. To determine 

the number of incident particles, the beam energy at the A1 foil (Ê ) 

must be known. This energy is calculated using the measured Ni foil 

energy loss discussed in Chapter III and the range tabulations of 

Northcliff and Schilling (1970) to determine the energy loss in the 

gas cell. A 3.3% uncertainty is assigned to the Ni foil energy loss 

because of the uncertainty in the Ni foil thickness. A 10% uncertainty 

is assigned to the energy loss in the gas because of our observed low 

energy deviation of the energy loss calculations using Northcliff and 

Schilling's range tabulations. This energy and its uncertainty at the 

A1 normalization foil is converted into a normalization x-ray yield/ 
f Y "  

incident ion. _N 
I o 

and its uncertainty using the experimental 
E=EN 

curve in Figure 7. Using this result, the number of A1 and 

Ar Is x rays observed in the Si(Li) detector per incident ion IQ is 

I I  . 
Io YN 1o 

(4.12) 
e=en 
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Table III. Measured K-K vacancy-sharing ratios, R, for mass 35 and 37 
CI projectiles incident on a gaseous (10.12 x lO^atm) 
Ar target. 

This includes the interaction energy, |x| as defined in 
Equation 1.1, and the factor Z which converts the observed 
x-ray yield ratios to total vacancy yield ratios. 

Interaction 
Energy (MeV) |x| 1 

Projectile 
Mass Z R 

.868 + .063 1.489 ± .056 35 .7033 + .0210 .0556 + .0033 

.868 + .063 1.489 ± .056 35 .7034 ± .0210 .0573 + .0021 

.903 + .059 1.502 ± .049 37 .7030 + .0211 .0532 + .0061 

.903 + .059 1.502 ± .049 37 .7015 + .0216 .0724 + .0152 
1.332 + .073 1.202 ± .033 35 .7049 + .0205 .0721 + .0106 
1.378 + .067 1.216 ± .030 37 .7023 + .0214 .0997 + .0179 
1.832 + .082 1.025 ± .023 35 .7023 + .0213 .1328 + .0108 
1.888 + .075 1.038 + .021 37 .7020 + .0214 .1277 + .0091 
2.353 + .091 .905 ± .017 35 .7024 + .0213 .1599 + .0105 
2.418 + .083 .918 ± .016 37 .7020 + .0214 .1602 + .0086 
2.869 + .099 .819 ± .014 35 .7026 + .0212 .1799 + .0103 
2.944 + .091 .832 ± .013 37 .7020 + .0214 .1801 + .0083 
3.368 ± .106 .756 ± .012 35 .7026 + .0212 .1964 + .0101 
3.450 + .097 .768 ± .011 37 .7020 + .0214 .2016 + .0079 
3.846 + .113 .708 ± .010 35 .7023 + .0213 .2082 + .0092 
3.934 + .104 .719 ± .009 37 .7027 + .0212 .2106 + .0104 
4.308 + .118 .669 ± .009 35 .7021 + .0214 .2461 + .0085 
4.399 + .109 .680 ± .008 37 .7024 + .0213 .2364 + .0106 
4.762 + .124 .636 ± .008 35 .7025 + .0213 .2562 + .0095 
4.762 + .124 .636 ± .008 35 .7023 + .0213 .2590 + .0097 
4.854 + .114 .648 ± .008 37 .7024 + .0213 .2617 + .0094 
4.854 + .114 .648 ±: .008 37 .7024 + .0213 .2533 + .0107 
6.160 + .137 .559 ± .006 35 .7028 + .0212 .2499 + .0104 
6.243 + .125 .571 ± .006 37 .7022 + .0214 .3039 + .0093 
7.186 + .144 .518 ± .005 35 .7031 + .0211 .2764 + .0118 
7.253 + .131 .530 ± .005 37 .7026 + .0212 .3172 + .0102 
8.296 + .149 .482 ± .004 35 .7028 ± .0212 .3339 + .0115 
10.970 + .159 .419 ± .003 35 .7025 + v0213 .3789 + .0105 
12.358 + .168 .395 ± .003 35 .7026 + .0212 .3939 + .0113 
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Table IV. Measured K-K vacancy-sharing ratios, R, for Ar projectiles 
incident on a hydrogen sulfide (I^S) gas target. 

This includes the interaction energy, |x| as defined in 
Equation 1.1, the target gas pressure, and the factor Z 
which converts the observed x-ray yield ratios to total 
vacancy yield ratios. 

Interaction i i Target Pressure 7 R -n_2 
Energy (MeV) |X| (1.012 x 10-"atms) k x iu 

1 .330 + .071 2.534 + .068 10 .5104 + .0221 .4858 + .1149 
1 .826 + .080 2.163 + .047 10 .5104 + .0221 1.2270 + .1420 
2 .835 + .096 1.736 + .029 10 .5104 + .0221 3.1840 + .0820 
3 .826 + .110 1.494 + .021 10 .5104 + .0221 4.6340 + .0910 
4 .786 + .121 1.336 + .017 10 .5104 + .0221 5.6480 + .0810 
6 .719 + .137 1.127 + .012 10 .5104 + .0221 8.7790 + .0620 
8 .813 + .149 .984 ± .008 10 .5104 + .0221 14.7600 + .2280 
10 .897 + .161 .885 + .007 10 .5104 + .0221 17.5600 + .2690 
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Table V. Measured K-K vacancy-sharing ratios, R, for Si projectiles 
incident on an Ar gas target. 

This includes the interaction energy, |x| as defined in 
Equation 1.1, the target gas pressure and the factor Z which 
converts the observed x-ray yield ratios to total vacancy 
yield ratios. 

Interaction i i Target Pressure - R Y ,n_i» 
Energy (MeV) |X| (1.012 x lÔ atms) k x iu 

1.219 + .069 4.407 + .125 10 .2219 + .0187 1.516 + .312 
1.718 + .079 3.712 + .085 10 .2219 + .0187 4.525 + .587 
2.256 + .091 3.240 + .062 10 .2219 + .0187 8.872 + .494 
2.379 + .089 3.155 + .059 10 .2219 + .0187 10.130 + .496 
2.521 + .091 3.065 + .055 10 .2219 + .0187 12.370 + .724 
3.277 + .100 2.688 + .014 10 .2219 .0187 31.670 + 2 .740 
4.168 + .110 2.384 + .031 10 .2219 + .0187 42.300 + 2 .350 
5.833 + .125 2.015 + .022 10 .2219 + .0187 90.010 + 6 .740 
6.118 + .127 1.967 + .020 10 .2219 + .0187 82.120 + 4 .560 
6.760 ± .131 1.872 + .018 10 .2219 + .0187 111.000 + 5 .530 

1.230 + .076 4.388 + .136 30 .2145 + .0179 1.441 + .307 

1.243 + .086 4.365 + .151 50 .2081 + .0175 2.001 + .292 

1.259 + .099 4.337 + .171 70 .2031 + .0171 2.046 + .242 

.7996 ± .165 5.442 + .561 90 .1952 + .0167 1.090 + .287 
1.028 + .191 4.799 + .446 90 .1952 + .0167 1.330 + .155 
1.277 + .115 4.306 + .194 90 .1952 + .0167 2.516 + .319 
1.789 + .137 3.638 + .139 90 .1952 + .0167 4.762 + .307 
2.296 + .157 3.211 + .110. 90 .1952 + .0167 10.260 + 1 .030 
3.214 + .188 2.712 + .079 90 .1952 + .0167 25.930 + .829 
4.105 + .210 2.402 + .061 90 .1952 + .0167 42.330 + 1 .870 
4.517 + .252 2.290 + .064 90 .1952 + .0167 54.040 + 2 .060 
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Table VI. Measured K-K vacancy-sharing ratios, R, for A1 projectiles 
incident on an Ar gas target. 

This includes the interaction energy, |x| as defined in 
Equation 1.1, the target gas pressure, and the factor Z 
which converts the observed x-ray yield to total vacancy 
yield. 

Interaction 1 V 1 1 Target Pressure •7 R v ' in-* 
Energy (MeV) lxl CI.012 x lQ-̂ atms) LU 

.994 ± .058 5.977 + .174 10 .1326 ± .0169 .554 + .143 

.994 ± .058 5.977 + .174 10 (3.516±.512)E-4 .287 + .199 
1.194 ± .065 5.453 + .148 10 .1326 ± .0169 .718 + .216 
1.423 ± .071 4.995 + .125 10 .1326 ± .0169 .649 + .228 
1.423 ± .071 4.995 + .124 10 (3.516±.512)E-4 .635 + .078 
1.959 ± .081 4.257 + .088 10 .1326 ± .0169 2 .393 + .343 
2.533 ± .089 3.744 + .066 10 .1326 ± .0169 4 .400 + .112 
2.533 ± .089 3.744 + .066 10 (3.516±.512)E-4 4 .393 + .337 

.972 ± .065 6.044 + .202 30 .1247 ± .0158 .697 ± .101 

.762 ± .066 6.826 + .388 50 (3.124±.457JE-4 .528 + .094 

.956 ± .074 6.094 + .236 50 (3.124±.457)E-4 .599 + .084 

.956 ± .074 6.094 + .236 50 .1178 ± .0151 .785 ± .145 
1.178 ± .082 5.490 + .191 50 C3.124±.457)E-4 .732 + .072 
1.178 ± .082 5.490 + .191 50 .1178 ± .0151 .879 ± .088 
1.431 ± .089 4.981 + .155 50 (3.124±.457)E-4 .901 + .080 
1.431 ± .089 4.981 + .155 50 .1178 ± .0151 1 .343 + .223 

.947 ± .085 6.123 + .275 70 (2.946±.432}E-4 .620 ± .112 

.727 ± .087 6.988 + .418 90 (2.782±.408)E-4 .785 + .095 

.944 ± .098 6.133 + .318 90 (2.782±.408)E-4 .671 + .103 
1.189 ± .109 5.465 + .250 90 (2.782±.408)E-4 .867 + .071 
1.459 ± .119 4.933 + .201 90 (2.782±.408)E-4 1 .093 + .086 



88 

Table VII. Measured K-K vacancy-sharing ratios, R, for Ar projectiles 
incident on an A! solid target. 

This includes the interaction energy, |x| as defined in 
Equation 1.1, and the factor Z which converts the observed 
x-ray yield ratios to total vacancy yield ratios. 

Interaction 
Energy (MeV) 1 1*1 Z R X 10- 3 

2.002 + .020 5.125 ± .026 .1970 + .0249 .1544 + .0531 
2.002 + .020 5.125 + .026 .1970 + .0249 .0884 + .1017 
3.003 + .030 4.185 + .021 .1970 + .0249 .1901 + .1049 
3.003 + .030 4.185 + .021 .1970 + .0249 .2376 + .0695 
4.004 ± .040 3.624 + .018 .1970 + .0249 .7146 + .0697 
6.006 + .060 2.959 + .015 .1970 + .0249 2 .5790 + .1110 
6.006 ± .060 2.959 + .015 .1970 + .0249 2 .6370 + .1380 
8.008 + .080 2.563 + .013 .1970 + .0249 5 .2420 + .1430 
10.009 + .100 2.292 ± .011 .1970 + .0249 9 .5660 ± .2150 
10.009 + .100 2.292 + .011 .1970 + .0249 9 .4260 + .2000 
12.011 + .120 2.093 + .010 .1970 ± .0249 12 .8300 + .2000 
15.014 ± .150 1.872 + .009 .1970 + .0249 21 .2300 ± .1800 
15.014 + .150 1.872 + .009 ,1970 + .0249 20 .9600 + .1900 
15.014 ± .150 1.872 + .009 .1970 + .0249 20 .0400 + .2300 
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Table VIII. Measured K-K vacancy-sharing ratios, R, for Ar projectiles 
incident on a Cu solid target. 

This includes the interaction energy, |x| as defined in 
Equation 1.1, and the factor Z which converts the observed 
x-ray yield ratios to total vacancy yield ratios. 

Interaction 
Energy (MeV) 1 |x| Z R X O

 1 •F
 

2.054 ± .041 11.286 + .113 .2399 + .0039 .6336 + .3184 
3.081 ± .062 9.215 + .092 .2399 + .0039 1 .7530 + .3850 
4.109 ± .082 7.980 + .080 .2399 + .0039 .8981 + .1610 
5.650 ± .113 6.805 + .068 .2399 + .0039 1 .1570 + .0950 
5.650 ± .113 6.805 + .068 .2399 + .0039 .7467 + .0730 
7.174 ± .144 6.039 + .060 .2310 + .0044 .2267 + .0827 
7.174 ± .144 6.039 + .060 .2310 + .0044 .4501 + .0983 
9.226 + .184 5.325 + .053 .2399 + .0039 , .3494 + .1370 
12.298 + .246 4.613 + .046 .2399 + .0039 1  .1220 + .1940 
15.377 + .308 4.125 + .041 .2399 + .0039 2 .8540 + .3040 
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where i denotes either the A1 or Ar. The uncertainty in this quantity 

is 

Y. 

/ 
fAY.1 

L 
2 N 2 

fa 

A M 
R0 

' • J  
% 
• • r»J YN 

N  

M il 

E=E 
N . 

(4.13) 

The absorption and fluorescence-yield corrections are performed 

as described in Equation (4.7). Again neutral-atom fluorescence yields 

are used! and the absorption corrections use the mass attenuation 

coefficients of Veigele (1973). No uncertainty is propagated for the 

fluorescence-yield correction which will be discussed later. The 

absorption uncertainty is propagated as indicated in Equation (4.10). 

To convert the resultant vacancy yields to cross sections for 

Is vacancy production, we use the relationship 

H. = No. 4jj-
l I 4TT (4.14) 

where I-L is the vacancy yield, N is the number of target atoms per 

area, ft is the detector solid angle, and is the cross section. This 

expression assumes an isotropic distribution of emitted x rays. The 

evidence justifying this assertion has been presented in the review 

paper by Garcia et al. (1973). Solving for gives 

ai " 

4TTHi 

~wr (4.15) 



N for the gas cell is given by 
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na 
N = pt -f C4.16) 

where p is the target-gas density, t the length of gas observed by 

the detector, NA Avagadro's number, and A the atomic mass number of 

the gas atoms. The uncertainty in N is dominated by the uncertainty 

in t so that 

AN • N . (4.17) 

The solid angle subtended by the Si(Li) detector is just given by 

« = p- (4.18) 

where A is the detector's active area and R is the mean distance from 

the gas interaction region to the detector's active region. The 

uncertainty in Q is 

451 = !S/BrT - (nrl • C4-19' 

The relative uncertainties for different measurements of were 

impossible to determine because the normalization procedure introduces 

both absolute and relative uncertainties. Because of this, the total 

uncertainty in each cross section is given as 

*1 -
2 • (fr * (#r (4.20) 



The total cross-section results are given in Table IX. The 

tabulation includes the interaction energy, the target pressure, the 

Ar Is vacancy production cross section and the A1 Is vacancy production 

cross section. A sample cross section calculation is presented in 

Appendix C. 

Swapped K-L Vacancy-Sharing Analysis 

The K-L vacancy-sharing experiment is divided into two sets 

of atomic systems; L-shell binding energies less than the matching 

K-shell binding energy (unswapped) and L-shell binding energies 

greater than the matching K-shell binding energy (swapped). Each case 

requires a different data analysis because the final vacancy distribu-

tion observed from the unswapped atomic collision systems is determined 

by the Coster-Kronig process while the final vacancy distribution 

observed from the swapped atomic collision systems is determined 

almost exclusively by the radial vacancy-sharing mechanism. 

First consider the data analysis for the swapped atomic 

collision systems-.- Referring to the correlation diagram of Figure 3, 

we see that the rising 3dcr molecular orbital provides the vacancies to 

be shared during the last half of the collision. The 3dc molecular 

orbital correlates directly to the Is state of the light collision 

partner and according to the selection rule for radial coupling can 

transfer vacancies to the 2sa and 2pa molecular orbitals. Any 

vacancies produced in these two molecular states end up in the L 

subshells at the end of the collision. As previously mentioned, the 
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Table IX. Measured cross sections for vacancy production in the Is 
states of A1 projectiles (cr̂ ) and Ar (0H) gas target atoms. 

This includes the interaction energy, the target pressure, 
and the indication of the presence of a 0.25 mm Be absorber. 

Interaction Target Pressure CTL °H .25 mm 
Energy (MeV) (1.012x10"''atms) (10"20cm2) (10~2lfcm2) Be Absorber 

.994 + .058 10 .2907 + .0581 .1591 + .0435 No 

.994 + .058 10 .2537 + .0555 .0730 + .0514 Yes 
1.194 + .065 10 .5796 + .1085 .4171 + .1377 No 
1.423 + .071 10 .9046 + .1584 .5869 + .2135 No 
1.423 + .071 10 .8848 + .1593 .5634 + .0950 Yes 
1.959 ± .081 10 2.1430 + .3550 5.1360 + .9170 No 
2.533 + .089 10 4.9120 + .7460 21.5900 + 1.9900 No 
2.533 + .089 10 4.8260 + .7760 21.3700 + 2.0500 Yes 

.972 + .065 30 .2754 + .0641 .1922 + .0468 No 

.762 + .066 50 .0903 ± .0378 .0478 + .0206 Yes 

.956 + .074 50 .2497 ± .0712 .1961 + .0619 No 

.956 + .074 50 .2612 ± .0755 .1567 + .0450 Yes 
1.178 + .082 50 .5128 ± .1219 .4514 + .1046 No 
1.178 + .082 50 .5465 ± .1314 .4005 + .0884 Yes 
1.431 + .089 50 .9106 .1937 1.2240 + .2920 No 
1.431 + .089 50 .8411 ± .1805 .7588 + .1435 Yes 

.947 + .085 70 .2728 .0998 .1695 + .0639 Yes 

.727 + .087 90 .0467 ± .0528 .0363 + .0415 Yes 

.944 + .098 90 .2234 ± .1038 .1499 + .0697 Yes 
1.189 + .109 90 .4962 ± .1670 .4313 + .1378 Yes 
1.459 + .119 90 .9090 ± .2589 .9943 + .2629 Yes 



vacancies that are radially coupled into the L shell of the heavy 

partner are distributed such that the Coster-Kronig process does not 

significantly affect the number of vacancies in the L2 and L3 sublevels. 

The 2p state of the heavy atomic systems we are considering 

exhibits a substantial splitting because of the spin-orbit interaction. 

These atomic states are best represented by wavefunctions that are 

eigenfunctions of J2 = (L + S)2 and m. instead of just L2 and m0. This 

indicates that the molecular states are also affected by the spin-orbit 

interaction and should best be represented by their total angular 

momentum projection m.. along the internuclear axis instead of the 

orbited angular momentum projection m̂ . Reconsideration of Equation 

(2.5) suggests the application of the more general radial coupling 

selection rule Am.. = 0 rather than Am̂  = 0. Since each L subshell 

contains two electrons with nu = 0 and the 3dcr molecular orbital has 

iBj = 0, the radial coupling to these states should be the same as 

expected with no spin-orbit interaction. 

Only the .(̂ Pî  anc* ̂ 3 ̂ 3̂/2̂  sublevels have sufficient 

vacancies to be observed. Since there are two major x-ray transitions 

to each of these levels, an analysis similar to the K-shell analysis 

is performed for each of these levels. The number of vacancies 

produced in a sublevel is given by 

H - Y const' (geometry) 21̂  

Li " 1 "l aL 
i Li 
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where Ŷ  is the sum of the x-ray yields emitted during the filling of 

the L̂ -sublevel vacancies, 0)̂  is the fluorescence yield of the 

sublevel, and A. is the effective absorption of the L.-subshell 
i 1 

x rays as defined in Equation (4.7) for two transitions filling the 

same sublevel. The total x-ray yield can be rewritten as 

Ŷ  = Ym (1 + r.) where Y,, is the x-ray yield of the major transition 
i i 

(An = 1) to the sublevel and r̂  is the ratio of the minor (An = 2) 

to the major transition rates. This ratio is also needed to determine 

the quantity A, . The gaussian fitting procedure described in L« 
X 

Chapter III can not fit the minor x-ray peak as well as the major x-ray 

peak. When calculating the ratio r̂  for each target material, a large 

variance was observed. In order to reduce this variance, r. was 
' x 

determined as a function of the interaction energy E by fitting all of 

the available data for each target material with a linear least-squares 

computer routine. This yields the coefficients in the expression 

r̂  = Ĉ  E + and the uncertainties in each for both the L2 and Lj 
i i 

sublevels. Using this information, the number of subshell vacancies 

is given by 

H. = Ym (1 + r.) const, (geometry) _ (4>22) 

X 1 1 WL AL i i 

The K-vacancy yield is given as in the K-K sharing analysis as 

a const, (geometry) (4>23) 

K K 



where is the sum of the Ka and x-ray yields, co is the K-shell 

fluorescence yield and is the effective absorption factor for the 

Ka' K0 x_ray combination. Thus the ratio of K-shell to L-subshell 

vacancies can be written as 

h, 

r = 
l. 1 
H„ 

YM. + V 0). 
'K 

WL AL Li Li 

= xz (4.24) 

where X = 

YM. C1 + V 
x and Z = 

mk\ 

"l. al. 
X X 

The error analysis of this data is much the same as in the 

K-K sharing case. The uncertainty in X is determined solely by the 

counting statistics in the Si(Li) detector and the uncertainty in Z 

is systematic in nature. Only the relative uncertainty AX will be 

propagated to R giving 

ar = r 
K.1 

X 

2 
fAr.l 

X 
2 

[ayk] 
ym. 
x; 

r. 
X S J 

yk ym. 
x; 

r. 
X S J 

(4.25) 

where Ar̂  = yj (E AĈ )2 + (AD̂ )2 . The fractional absolute 

uncertainty from the absorption corrections is given by 



The uncertainty introduced by using neutral-atom fluorescence yields 

will be discussed in the next chapter. 

Tables X through XVI contain listings of all of the swapped 

K-L vacancy-sharing results for the collision systems Ar on Sn, Ar 

on Sb, Ar on Xe, CI on Sn, CI on Sb, CI on Xe, and Si on Xe. The 

listings include the interaction energy, the theoretically defined 

parameter x, the experimentally defined correction factor Z, the 

ratio R, and the uncertainties in each quantity. 

The uncertainties in the interaction energy for the gas targets 

were taken as 3.3% of the energy loss in the Ni window plus 10% of 

the energy loss in the gas. For the solid targets, the interaction 

energy uncertainty is 1% because of uncertainties in the analyzing 

magnet calibration. Since x = ̂  , the interaction energy uncertainties 

are propagated to x as 

Ax = j ^p- x . (4.27) 

Unswapped K-L Vacancy-Sharing Analysis 

Referring to the correlation diagram in Figure 2, we again 

see that the rising 3da molecular orbital provides the vacancies that 

are shared between the K and L shells during the last half of a 

collision. This molecular orbital correlates directly to the Lj subshell 

of the heavy atom. Radial coupling between the 3da and 2pcr molecular 

orbitals can transfer some of the 3dcr vacancies to the 2pcr molecular 

orbital. After the collision the 2pcr vacancies end up in the Is state 



Table X. Measured K-L vacancy-sharing ratios, R, between the K shell of Ar projectiles and the 
2̂̂ 1/2̂  Lg(2pg/2) L subshells of solid Sn target atoms. 

This includes the interaction energies, |x| as defined in Equation 1.1, and the factor 
Z which converts the observed x-ray yield ratios to total vacancy yield ratios. 

Interaction 
Energy (MeV) 

M 
(2Pl/2 ,) (2pl/2 

) 
R 

C2Pl/2 
W 

(2p3/2 

Z 
(2P3/2 

R 
(2p3/2 

1.779 + .018 2.504 + .013 2.074 ± .083 .1113 + .0092 1 .932 ± .010 2.034 + .072 1 .083 + .026 
2.033 + .020 2.342 + .012 2.074 ± .083 .1421 + .0093 1 .807 ± .009 2.034 + .072 1 .029 ± .023 
2.033 + .020 2.342 + .012 2.074 ± .083 .1586 + .0077 1 .807 ± .009 2.034 + .073 1 .069 + .019 
2.033 + .020 2.342 + .012 2.074 ± .083 .1521 + .0073 1 .807 ± .009 2.034 + .073 1 .078 ± .019 
2.541 + .025 2.095 + .010 2.073 + .084 .1724 + .0083 1 .616 ± .008 2.034 + .073 1 .042 ± .019 
3.049 + .030 1.912 + .010 2.073 ± .084 .1897 + .0078 1 .475 ± .007 2.034 + .073 1 .024 ± .018 
3.049 + .030 1.912 + .010 2.073 + .084 .2107 + .0076 1 .475 + .007 2.034 + .073 1 .026 ± .016 
4.066 + .041 1.656 + .008 2.073 ± .085 .2269 + .0081 1 .278 ± .006 2.034 + .073 1 .025 ± .017 
5.082 + .051 1.481 + .007 2.073 ± .086 .2548 + .0079 1 .142 ± .006 2.034 + .073 .967 ± .014 
6.099 + .061 1.352 + .007 2.073 ± .088 .2777 + .0089 1 .043 ± .005 2.034 + .073 .962 ± .015 
7.115 + .071 1.252 + .006 2.073 ± .089 .3013 + .0087 .966 ± .005 2.034 + .073 .946 ± .014 
8.132 + .081 1.171 + .006 2.072 ± .091 .3215 + .0107 .903 ± .005 2.034 + .073 .954 ± .017 
8.132 + .081 1.171 + .006 2.072 + .091 .3494 + .0110 .903 + .005 2.034 + .073 .994 ± .016 
9.148 + .091 1.104 + .006 2.072 ± .093 .3550 + .0117 .852 ± .004 2.034 + .073 1 .020 ± .017 
11.181 + .112 .999 + .005 2.072 + .098 .3901 + .0128 .770 ± .004 2.034 + .073 .978 ± .016 
11.181 + .112 .999 + .005 2.072 + .098 .3844 + .0120 .770 ± .004 2.034 + .073 .967 ± .015 
13.214 + .132 .919 + .005 2.072 ± .104 .4220 + .0138 .709 ± .004 2.034 + .074 .958 + .015 
15.247 + .152 .855 + .004 2.071 + .111 .4429 + .0169 .660 ± .003 2.034 + .074 .950 ± .019 
15.247 + .152 .855 + .004 2.071 + .111 .4273 + .0151 .660 ± .003 2.034 + .074 .950 ± .016 

ID 
CO 



Table XI. Measured K-L vacancy-sharing ratios, R, between the K shell of Ar projectiles and the 
**2̂ 1/2̂  an<* ̂ *3̂ P3/2̂  ̂  subshells of solid Sb target atoms. 

This indicates the interaction energies |x| as defined in Equation 1.1, and the factor 
Z which converts the observed x-ray yield ratios to total vacancy yield ratios. 

Interaction 
Energy (MeV) 

|x| 
C2pl/2 ) 

Z 
C2pl/2 ) 

R x 10" 

C2pl/2 

1 

) 
• 1*1 
(2p3/2 ) 

z 
t2p3/2 ) 

R 
C2p3/2 ) 

1.779 + .018 3. 049 ± .015 .1894 + .0756 .4794 + .0524 2 .4420 ± .012 1 .857 ± .066 .4931 + .0121 
2.033 + .020 2. 852 + .014 .1894 ± .0757 .5862 ± .0480 2 .2840 ± .011 1 .857 ± .065 .5483 + .0111 
2.033 + .020 2. 852 ± .014 .1894 + .0757 .5975 ± .0427 2 .2840 + .011 1 .857 ± .066 .5469 + .0103 
2.033 + .020 2. 852 + .014 . 1894 + .0757 .6104 + .0456 2 .2840± .011 1 .857 ± .066 .5588 + .0106 
2.541 + .025 2. 551 ± .013 .1894 ± .0760 .6900 ± .0456 2 .0430 ± .010 1 .857 ± .066 .5334 + .0098 
3.029 + .030 2. 328 ± .012 .1894 + .0764 .8028 + .0388 1 .8650± .009 1 .857 ± .066 .5543 + .0083 
3.049 + .030 2. 328 ± .012 .1894 ± .0764 .8384 ± .0469 1 .8650± .009 1 .857 + .066 .5847 + .0098 
4.066 + .041 2. 016 ± .010 .1894 ± .0772 1 .0760 + ,0530 1 .6150± .008 1 .857 + .066 .5921 + .0104 
5.082 + .051 1. 804 ± .009 .1893 ± .0783 1 .3060 ± .0570 1 .4450± .007 1 .857 ± .066 .5820 + .0100 
6.099 + .061 1. 646 ± .008 .1893 ± .0796 1 .5290 ± .0610 1 .3190 ± .007 1 .857 ± .066 .6114 + .0101 
7.115 + .071 1. 524 + .008 .1893 ± .0811 1 .6780 + .0610 1 .2210 ± .006 1 .857 + .066 .6151 + .0095 
8.132 + .081 1. 426 ± .007 .1893 ± .0829 1 .7770 ± .0680 1 .1420 ± .006 1 .857 ± .066 .6153 + .0102 
8.132 + .081 1. 426 ± .007 .1893 ± .0829 1 .8140 ± .0740 1 .1420 ± .006 1 .857 ± .066 .6225 + .0110 
9.148 + .091 1. 344 + .007 .1893 ± .0848 1 .9340 ± .0670 1 .0770 ± .005 1 .857 ± .066 .6366 + .0094 
11.181 + .112 1. 216 + .006 .1893 + .0893 2 .3400 ± .0810 .9741± .005 1 .857 ± .066 .6581 + .0103 
11.181 + .112 1. ,216 + .006 .1893 + .0893 2 .2800 ± .0840 .9741± .005 1 .857 ± .066 .6572 + .0110 
13.214 + .132 1. ,119 + .006 .1892 ± .0946 2 .4560 + .0940 .8960 ± .004 1 .857 + .067 .6670 + .0112 
15.247 + .152 1. .041 + .005 .1892 + .1006 2 .7860 ± .1070 .8341 + .004 1 .857 + .067 .6811 + .0115 
15.247 + .152 1. ,041 + .005 .1892 + .1006 2 .6310 + .1060 .8341± .004 1 .857 ± .067 .6577 + .0118 

<o 
10 



Table XII. Measured K-L vacancy-sharing ratios, R, between the K shell of Ar projectiles and the 
2̂̂ 1/2̂  an(* ̂ 3(̂ 2/2) L subshells of gaseous (10.12 x 10" ** atm) Xe target atoms. 

This indicates the interaction energies, |x| as defined in Equation 1.1, and the factor 
Z which converts the observed x-ray yield ratios to total vacancy yield ratios. 

Interaction 
Energy (MeV) 

W 
(2PI/2 ) 

Z 
(2pl/2 ) 

R x 10"2 

C2PI/2) 
|x| 

(2P3/2 

Z 
(2P3/2 ) 

R x 10"1 

<2P3/2> 

1.815 + .083. 4.670 + .106 1. 231 ± .051 5215 + .046 3. 950 + .090 1. 240 + .050 .7700 ± .0153 
2.872 + .099 3.713 + .064 1. 231 + .051 1. 0130 + .037 3. 140 + .054 1. 240 + .050 1 .0760 ± .0158 
3.836 + .114 3.212 + .048 1. 230 ± .052 1. 5640 + .054 2. 717 + .040 1. 240 + .050 1 .2640 ± .0192 
3.836 + .114 3.212 ± .048 1. 230 ± .052 1. 1110 + .048 2. 717 + .040 1. 240 + .050 1 .1620 ± .0173 
3.836 + .114 3.212 + .048 1. 230 ± .052 1. 4370 + .064 2. 717 + .040 1. 240 + .050 1 .1710 ± .0201 
3.836 + .114 3.212 + .048 1. 230 ± .052 1. 5080 + .052 2. 717 + .040 1. 240 + .050 1 .2260 + .0182 
3.836 + .114 3.212 + .048 1. 230 + .052 1. 6280 + .060 2. 717 + .040 1. 240 ± .050 1 .3230 ± .0203 
3.836 + .114 3.212 + .048 1. 230 ± .052 1. 7860 + .053 2. 717 + .040 1. 240 + .050 1 .4140 ± .0199 
4.767 + .126 2.882 + .038 1. 230 + .053 1. 7900 + .056 2. 437 + .032 1. 240 + .050 1 .3160 ± .0193 
5.671 + .136 2.642 + .032 1. 230 + .053 2. 5540 + .072 2. 235 + .027 1. 240 ± .050 1 .4830 + .0222 
6.642 + .144 2.441 + .027 1. 230 + .054 2. ,7060 + .068 2. 065 + .022 1. 240 + .050 1 .4840 ± .0196 
6.642 + .144 2.441 + .027 1. 230 ± .054 2. 8800 + .075 2. 065 + .022 1. 240 + .050 1 .5340 + .0212 
7.717 + .150 2.265 + .022 1. 230 + .055 3. 2i70 + .086 1. 916 + .019 1. 240 + .050 1 .6070 + .0224 
8.864 + .154 2.113 + .018 1. ,230 + .057 4. ,0480 + .167 1. 787 + .016 1. 240 ± .050 1 .8100 + .0347 
9.991 + .160 1.991 + .016 1. 229 + .058 4. ,1980 + .117 1. 684 + .013 1. 240 + .050 1 .7820 + .0253 
11.002 + .167 1.897 + .014 1. 229 ± .059 4. ,5550 + .129 1. 604 + .012 1. ,240 + .050 1 .8320 ± .0254 



Table XIII. Measured K-L vacancy-sharing ratios, R, between the K shell of CI projectiles and the 
2̂̂ 1/2̂  **3̂ *3/2̂  ̂  sû ŝ ê ŝ solid Sn target atoms. 

This includes the interaction energies, the projectile mass, |x| as defined in 
Equation 1.1, and the factor Z which converts the observed x-ray yield ratios to 
total vacancy yield ratios. 

Interaction Projectile |x| Z R x 10"1 |z| Z R 
Energy (MeV) Mass (2p̂ ) (2Pi/2) (2pl/2̂  (2p3/2) C2p3/2̂  3̂/2̂  

2.033±.020 
3.049±.030 
3.949±.039 
3.949±.039 
5.082±.051 
7.1171.071 
7.975±.080 
9.8731.099 
10.967±.110 
12.197±.122 
15.245±.152 

35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

3.164+.017 
2.584±.013 
2.270±.011 
2.2701.Oil 
2.0011.010 
1.692+.008 
1.598+.008 
1.436+.007 
1.362±.007 
1.292±.006 
1.1561.006 

1.562+.068 
1.5621.068 
1.562±.069 
1.562±.069 
1.5621.070 
1.561±.072 
1.5611.073 
1.5611.076 
1.5611.078 
1.5611.080 
1.5611.087 

.26931.0184 

.43271.0243 

.61281.0332 

.58311.0377 

.84441.0358 
1.15401.0480 
1.2740+.0600 
1.49501.0710 
1.63201.0750 
1.53801.0830 
2.05901.0830 

2.664+.013 
2.175+.011 
1.9111.010 
1.9111.010 
1.685+.008 
1.424+.007 
1.3451.007 
1.2091.006 
1.147+.006 
1.0871.005 
.9731.005 

1.5341.060 
1.5341.060 
1.5341.060 
1.5341.060 
1.5341.060 
1.5341.060 
1.5341.060 
1.5341.060 
1.534+.061 
1.534+.061 
1.534+.061 

.22231.0038 

.28851.0048 

.33651.0062 

.33781.0070 

.35691.0059 

.42501.0075 

.43211.0090 

.47071.0102 

.48891.0105 

.48631.0120 

.49371.0092 



Table XIV. Measured K-L vacancy-sharing ratios, R, between the K shell of CI projectiles and the 
2̂̂ 1/2̂  an̂  ̂3̂ 3̂/2̂  ̂  sû ŝ eHs solid Sb target atoms. 

This includes the interaction energies, the projectile aass, |x| as defined in 
Equation 1.1, and the factor Z which converts the observed x-ray yield ratios to total 
vacancy yield ratios. 

Interaction Projectile |x| Z R x 10"1 |x| Z R 
Energy (MeV) Mass (2P1/2) (2Pi/2) C2pl/2) (2p3/2̂  (2p3/23 (2p3/2) 

2.033±. 020 35 3. 6411. 018 1 .4311. 062 .09421. 0103 3. 1101. 016 1 .4031. 054 .12501. 0024 
3.049±. 030 35 2. 9731. 015 1 .4311. 062 .18821. 0142 2. 5401. 013 1 .4031. 055 .16891. 0031 
3.949±. 039 35 2. 6121. 013 1 .4311. 062 .28791. 0230 2. 2321. 011 1 .4031. 055 .19601. 0043 
3.949±. 039 35 2. 6121. 013 1 .4311. 063 .21741. 0212 2. 2321. 011 1 .4031. 055 .19041. 0045 
5.082±. 051 35 2. 3031. 012 1 .4311. 063 .39471. 0186 1. 9671. 010 1 .4031. 055 .22601. 0034 
7.1141. 071 35 1. 9461. 010 1 .4311. 065 .61041. 0283 1. 6631. 008 1 .4031. 055 .27461. 0047 
7.9751. 080 35 1. 8381. 009 1 .4301. 066 .69561. 0367 1. 5701. 008 1 .4031. 055 .29301. 0060 
9.874±. 099 35 1. 6521. 008 1 .4301. 069 .81431. 0424 1. 4111. 007 1 .4031. 055 .31721. 0064 
10.967±. 110 35 1. 5681. 008 , 1 .4301. 071 .93701. 0431 1. 3391. 007 1 .4031. 055 .33061. 0062 
12.197±. 122 35 1. 4861. 007 1 .4301. 073 .93371. 0546 1. 2701. 006 1 .4031. 055 .34081. 0081 
15.2451. 152 35 1. 3301. 007 1 .4301. 079 1.31401. 0510 1. 1361. 006 1 .4031. 055 .34291. 0057 



Table XV. Measured K-L vacancy-sharing ratios, R, between the K shell of CI projectiles and the 
**2̂ 1/2̂  anc* L3̂ 2p3/2̂  L subshells of gaseous (10.12 x 10"** atm) Xe target atoms. 

This includes the interaction energies, the projectile miss, |x| as defined in 
Equation 1.1, and the factor Z which converts the observed x-ray yield ratios to 
total vacancy yield ratios. 

Interaction Projectile |x| Z R x 10"2 |x| Z R x 10-1 

Energy (MeV) Mass (2pJ/2) (2Vif2> (2pl/2̂  (2p3/2̂  2̂p3/2') 2̂p3/2̂  

1. 867±. 085 35 5. 323±.121 .8043±. 0363 .06421. 0089 4. 6591. 106 .81131. 0359 .14661.0029 
2. 394±. 094 35 4. 701±.092 .8042±. 0364 .11511. 0148 4. 1141. 081 .81131. 0359 .19751.0045 
2. 892±. 102 35 4. 277±.076 .8041±. 0366 .17001. 0185 3. 7431. 066 .81131. 0359 .25831.0058 
2. 977±. 092 37 4. 335±.067 .8041±. 0366 .1410+. 0213 3. 7941. 059 .81131. 0359 .25741.0063 
3. 799±. 117 35 3. 7321.058 .8040±. 0369 .29681. 0259 3. 2661. 050 .81131. 0359 .37551.0079 
3. 896±. 105 37 3. 789±.051 .8040±. 0369 .27841. 0243 3. 3161. 045 .81131.0359 .35231.0074 
4. 6671. 130 35 3. 3671.047 .8039±. 0373 .50581. 0271 2. 9471. 041 .81131. 0359 .38691.0066 
4. 763±. 115 37 3. 427±.041 .8039±. 0373 .47961. 0246 2. 9991. 036 .81131. 0359 .40201.0072 
5. 609±. 140 35 3. 071±.038 .8037±. 0378 .76921. 0300 2. 6881. 033 .81131. 0359 .46851.0076 
5. 6901. 123 37 3. 1351.034 .8037±. 0378 .62051. 0260 2. 7441. 030 .81131. 0359 .46791.0078 
6.699±. 146 35 2. 8101.031 .80361. 0383 .96241. 0379 2. 4601. 027 .81131. 0359 .56441.0097 
6. 7551. 129 37 2. 8781.. 028 .80361. 0383 .90061. 0328 2. 518+. 024 .81131. 0359 .53981.0086 
9. .0641. 153 35 2. ,416+.020 .8033+. 0397 1.39501. 0633 2. 1141. 018 .81131. 0590 .70061.0140 
10. 794+. 168 35 2. 2141,017 .80301. 0414 1.62001. 0769 1. 9381. 015 .81131. 0359 .76991.0161 
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Table XVI. Measured K-L vacancy-sharing ratios, R, between the K shell 
of Si projectiles and the L̂ Ĉ p,,-) L subshell of gaseous 
Xe target atoms. ' 

This includes the interaction energies, the target gas 
pressure, |x| as defined in Equation 1.1, and the factor Z 
which converts the observed x-ray yield ratios to total 
vacancy yield ratios. 

.Interaction Target Pressure |x| Z R x 10" 
Energy (MeV) (1.012 x lQ-̂ atms) (2P3/2) ^2p3/2^ C2P3/2) 

1. 736 + .082 10 7. 075 ± .166 .2317 + .0205 .7582 + .2967 
1. 736 + .082 10 7. 075 + .166 .2317 + .0205 1.1160 + .2170 
1. 812 + .135 50 6. 926 + .259 .0643 + .0090 1.0620 + .1380 
2. 026 + .086 10 6. 549 + .139 .2317 + .0205 2.2000 + .3240 
2. 083 + .145 50 6. 458 ± .225 .0643 + .0090 1.7260 + .1280 
2. 314 + .091 10 6. 129 ± .120 .2317 + .0205 2.6660 + .3210 
2. 857 + .098 10 5. 515 ± .095 .2317 + .0205 6.5400 + .4350 
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of the light atom. As indicated earlier in this chapter, the 

vacancies are lifted to the L2 and subshells via the Coster-Kronig 

process. Experimentally, the x-ray transitions that fill the vacancies 

in the three L subshells cannot be resolved. Only an integration of 

the total observed x-ray yield from radiative transitions to these 

three subshells can be obtained. Hence it is necessary to obtain the 

initial number of vacancies in terms of this quantity. 

The final distribution of vacancies among the L subshells 

produced by the Coster-Kronig process can be written in terms of the 

initial L-subshell vacancy distribution as (Bambynek et al. 1972, 

= N,, 

= N2 + f12 Nlf (4.28) 

N3 + £23 N2 + f̂13 + f12 f23̂  Nl' 

where V. and N. are the final and initial number of vacancies in the 
1 1 

subshell and the f̂  are the Coster-Kronig transition probabilities 

for shifting a vacancy from the sublevel to the sublevel. Since 

all of the initial vacancies come into the subshell, N2 = = 0. 

Thus, 

V1 " Nl> 

V2 = f12Nlf (4.29) 

and V3 = (fl3 + f12 f23) Nj. 

p. 721) 

and V, 
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The x-ray yield from the sublevel due to the vacancies is just 

Y. = V. a), A. const, (geometry) (4.30) i X L< Jj • 
X 1 

where to. is the fluorescence yield of the L. sublevel and Ar is the 
Li 1 Li 

absorption fraction for the x-ray transitions into the sublevels. 

The L shells that we are considering are in Kr and Y. The ratio of 

the An = 2.transition rates to An = 1 transtion rates for the 

subshells in these elements is the order of .01. Thus, only the 

An = 1 radiative transition to each sublevel will be considered in the 

absorption correction factor. Thus A. = (L.)»- The total x-ray 
i *o 1 

yield YL is just the sum of the individual yields. Summing Equation 

(4.30) over all the L subshells gives 

yl - K \ f »1> • N1 V f12 f <L2> * N1 »L,<f13*f12f23> f CL3>] 
[ _ 1 0  2  o  3  ° J  

const, (geometry) " (4-31) 

Solving for the number of initial vacancies in terms of the total 

x-ray yield gives 

YL const, (geometry) 

Hl ' Nl " \ f * %f12 f ̂  \ <f13*f12f23> f CV 
l  o  2  o  3  o  

(4.32) 
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The number of vacancies produced in K shell of the light atom is 

given as in Equation (4.23) as 

H„ 
const, (geometry) 

U)„ 
(4.33) 

where Ŷ  is the sum of the observed Ka and Kg x-ray yields, cô  is 

the K shell fluorescence yield and is the effective absorption 

fraction. Combining Equations (4.32) and (4.33) give the vacancy 

ratio R as 

H Y "L. T~ CV + %f12 T~ CL25 + UL Cf13+f12£23) T~ 
n K _ K  i O  2 0  3  0  

H. = Y. 
L L 

(4.34) 

K R Defining X = ̂ r- and Z = ~- we see once again that the expression can 
L 

be divided up into a term X whose uncertainty is determined by the 

Si(Li) detector counting statistics and a term Z whose uncertainty is 

systematic in nature. Propagating only the relative uncertainty AX 

to R gives 

AR = R 
Ay 
xk 

z N 
yk h) (4.35) 

The fractional absolute uncertainty due to the absorption uncertainties 

is just 
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AZ / 
Z  /  

V 

AA„ 
COj Ay—(L.) 
. 1 o • 

wL2f12Air"̂ L VCf13t£12f23)A rtl3' , 5 o 

f°L, T~ CL13 + \ Jl2 I (L2) + u 
I 1 O 2 O 

L3Cf13+f12£23)A I 1 
L̂*>] 

(4.36) 

The fluorescence yields and Coster-Kronig transition rates are assumed 

to be the neutral-atom values tabulated by Bambynek et al. (1972) and 

the validity of this assumption will be considered in the next chapter. 

Tables XVII through XX contain listings of all of the unswapped 

collision system results. This includes Ar on Kr, Ar on Y, CI on Kr, 

and CI on Y. Along with the sharing ratio R, the quantities Z, the 

theoretical parameter x, and the integration energies (laboratory frame) 

are tabulated. 
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Table XVII. Measured K-L vacancy-sharing ratios, R, between the K shell 
of Ar projectiles and the L.(2s.. L subshell of gaseous 
(10.12 x 10"'' atm) Kr target ' atoms. 

This includes the interaction energies, |x| as defined in 
Equation 1.1, and the factor Z which converts the observed 
x-ray yield ratios to total vacancy yield ratios. 

Interaction 
Energy (MeV) Z (x 10"1) R (x lO-'1) 

1. 824 + .081 3. 970 + .089 .2297 + .0430 3460 + .0157 
2. 346 + .090 3. 501 .067 .2297 + .0430 3878 + .0172 
2. 870 + .098 3. 165 + .054 .2297 + .0430 7360 + .0246 
3. 883 + .111 2. 721 + .039 .2297 + .0430 2. 1950 + .0460 
3. 883 + .111 2. 721 + .039 .2297 + .0430 2. 1700 + .0500 
3. 883 + .111 2. 721 + .039 .2297 + .0430 2. 2110 + .0390 
4. 848 + .122 2. 435 + .031 .2297 + .0430 4. 6510 + .0700 
4. 848 + .122 2. 435 + .031 .2297 + .0430 4. 9610 + .0520 
5. 816 + .131 2. 223 + .025 .2297 + .0430 7. 1170 + .0870 
6. 842 + .137 2. 050 + .021 .2297 + .0430 9. 7410 + .1310 
9. 155 + .148 1. 772 + .014 .2297 + .0430 19. 0400 + .2170 
11. 484 + .162 1. 582 + .011 .2297 + .0430 26. 0700 + .2420 
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Table XVIII. Measured K-L vacancy-sharing ratios, R, between the 
K shell of Ar projectiles and the L.(2s1/2) L subshell of 
solid Y target atoms. ' 

This includes the interaction energies, |x| as defined 
in Equation 1.1, and the factor Z which converts the 
observed x-ray yield ratios to total vacancy yield 
ratios. 

Interaction 
Energy (MeV) fx| Z R (x 10-3) 

2. 055 ± .021 2.342 + .012 .1284 + .0189 .4336 + .0386 
3. 082 ± .031 1.913 + .010 .1284 + .0189 .5837 + .0389 
4. 109 ± .041 1.656 + .008 .1284 + .0189 1.1310 + .0360 
6. 164 ± .062 1.352 + .007 .1284 + .0189 3.0260 + :.0860 
8. 218 ± .082 1.171 + .006 .1284 + .0189 5.7210 + .1310 
11. 300 ± .113 .999 + .005 .1284 + .0189 9.2090 + ! :. 1670 
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Table XIX. Measured K-L vacancy-sharing ratios, R, between the K shell 
of CI projectiles and the L..(2sj/2 ) L subshell of gaseous 
(10.12 x 10"1* atm) Kr target atoms. 

This includes the interaction energies, the projectile 
mass, |x| as defined in Equation 1.1, and the factor Z 
which converts the observed x-ray yield ratios to total 
vacancy yield ratios. 

Interaction 
Energy (MeV) 

Projectile 
Mass 1*1 Z x 10" R x 10" 

2. 259 ± .081 37 2. 482 +  .045 .3128 + .0670 .0972 + .0046 
2. 379 + .092 35 2. 352 +  .046 .3128 + .0670 .1593 +  .0061 
2. 449 +  .084 37 2. 384 +  .041 .3128 + .0670 .0718 +  .0073 
2. 875 +  .101 35 2. 139 +  .037 .3128 +  .0670 .2933 +  .0087 
2. 957 ± .091 37 2. 169 + .033 .3128 + .0670 .2138 + .0095 
3. 800 + .115 35 1. 861 + .028 .3128 + .0670 .6958 +  .0172 
3. 894 +  .104 37 1. 890 + .025 .3128 +  .0670 .6373 +  .0187 
4. 244 + .121 35 1. 761 + .025 .3128 +  .0670 .9061 + .0219 
4. 693 +  .127 35 1. 675 ± .023 .3128 + .  .0670 1 .1220 + .0270 
5. 155 +  .132 35 1. 598 +  .020 .3128 +  .0670 1 .5120 + .0390 
5. 115 + .132 35 1. 598 + .020 .3128 +  .0670 1 .4360 +  .0350 
6. 159 +  .140 35 1. 462 +  .017 .3128 + .0670 2 .4200 + .0555 
6. 159 + .140 35 1. 462 +  .017 .3128 +  .0670 2 .3710 + .0556 
6. 159 +  .140 35 1. 462 +  .017 .3128 + .0670 2 .3220 + .0536 
6. 229 + .126 37 1. 495 + .015 .3128 +  .0670 2 .0140 +  .0257 
7. 869 + .148 35 1. 293 +  .012 .3128 + .0670 3 .0820 + .0486 
9. 009 +  .152 35 1. 209 + .010 .3128 + .0670 3 .6210 +  .0363 
9. 009 + .152 35 1. 209 +  .010 .3128 +  .0670 3 .7330 +  .0358 
10. 001 +  .157 35 1. 147 +  .009 .3128 +  .0670 4 .6860 + .0527 
10. 822 +  .164 35 1. 103 +  .008 .3128 +  .0670 5 .4390 + .0772 
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Table XX. Measured K-L vacancy-sharing ratios, R, between the K shell 
of CI projectiles and the L subshell of solid Y 
target atoms. 

This includes the interaction energies, the projectile mass, 
|x| as defined in Equation 1.1, and the factor Z which con
verts the observed x-ray yield ratios to total vacancy 
yield ratios. 

Interaction 
Energy (MeV) 

Projectile 
Mass *1 Z R X 

CM f o
 

r
H
 

1.541 ± .015 35 1.412 + .007 .1752 + .0319 .6393 + .0215 
2.054 ± .021 35 1.223 + .006 .1752 + .0319 .7346 + .0176 
3.082 ± .031 35 .999 + .005 .1752 + .0319 .9214 + .0160 
4.859 ± .049 37 .818 + .004 .1752 + .0319 1 .8010 + .0213 
7.190 ± .072 35 .654 + .003 .1752 + .0319 2 .9520 + .0388 
10.272 ± .103 35 .547 + .003 .1752 + .0319 3 .6360 + .0387 
11.229 ± .112 35 .522 ± .003 .1752 + .0319 4 .5340 ± .0542 



CHAPTER 5 

RESULTS AND DISCUSSIONS 

In this chapter graphical representations of the results are 

presented along with a discussion of the physical and theoretical 

interpretations of the observed behaviors. In this discussion we will 

remain as quantitative as possible but a lack of information about 

some of the relevant parameters (fluorescence yields and Coster-Kronig 

transition rates) will limit some of the discussion to qualitative 

interpretation. 

K-K Vacancy-Sharing Results 

Figure 14 shows a semi-log plot of R as defined in Equation 

(4.8) versus |x| for the results given in Tables III, IV, VII, and 

VIII. The CI on Ar data have been plotted in a special insert in the 

right hand corner with an expanded scale for |x|. The solid lines in 

-2 lx l  each plot indicate the theoretical function e 1 1 as given in the 

first term of Equation (2.31). The error flags or the physical size 

of the plotted points indicate the relative uncertainties between the 

measured values of R for a particular collision system. The uncertain

ties in x are small compared to the uncertainties in R and have not 

been plotted. 

113 
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Figure 14. K-K vacancy-sharing ratio R versus |x| for the collision 
systems: Ar •+• S (gas), Ar A1 (solid), Ar -»• Cu (solid), 
CI -> Ar (gas). 

_21 * I 
The solid lines indicate the theoretical function e 1 1. 
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Each set of data points corresponding to a particular collision 

system also have a systematic absorption-correction uncertainty 

determined by the uncertainty in the correction factor Z. The per cent 

uncertainty in Z is approximately 3% for the CI on Ar system, 4.3% for 

the Ar on S system, 12.6% for the Ar on Al system, and 1.6% for the 

Ar on Cu system. 

Within the uncertainties discussed, the data below |x|= 4.5 

fall on the theoretical line. For |x| values greater than 4.5, the 

— 2 I 3CI data for both the Ar on solid Al and solid Cu deviate from the e 1 1 

behavior. This same deviation has been observed previously by 

Jones et al. (1975) for Ar on solid Al, Cr, Fe, and Ni. At |x| = 5.125 

Jones et al. measured a value for the Ar on Al ratio a factor of 10 

greater than the value we have measured. This difference can probably 

be attributed to their failure to subtract the Ar yield produced by 

target impurities. The deviation of the ratio R for Ar on Cu agrees 

qualitatively with the trend exhibited by the Ar on Cr, Fe, and Ni 

data of Jones et al. That is, nonexponential behavior first appearing 

at larger values of |x| as the target Z increases. This nonexponential 

behavior has been attributed to the target-recoil effect by Jones et al. 

Calculations by Meyerhof et al. (1977) of the target-recoil effect 

have shown the results to be in reasonable agreement. 

The excellent agreement between the exponential theory and 

the measured ratios suggests that the use of the neutral-atom 

fluorescence-yield ratios to convert from x-ray to vacancy ratios is a 

good approximation. For the CI on Ar and Ar on S collision systems, 
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this is probably due to similar vacancy distributions in the L shells 

of both the target and the projectile atoms after the collision. This 

assertion is reasonable because during the collision the two L shells 

overlap strongly and the Pauli exclusion principle requires the 

promotion of some of the L-shell electrons. For nearly symmetric 

collision systems, the electrons in neither L shell is significantly 

energy-favored indicating nearly equal probabilities of promoting 

equivalent electrons from either atom. Referring to the nonneutral-

atom fluorescence yields given in Table I for Ar and CI, it is seen 

that — is the same for both atoms to within a few percent for the 
nA 

same L-shell defect configuration. Thus, the nonneutral-atom 

fluorescence-yield ratio will be within a few percent of the neutral-

atom ratio used in the calculations. A similar result is expected for 

the Ar on S collision system. 

When the L-shell binding energies of the collision partners 

become quite different, the similar vacancy-distribution argument breaks 

down. The smaller Z partner should receive substantially more L-shell 

vacancies. However, in a solid it is believed that outer-shell 

vacancies are rapidly filled by electrons in the band states of the 

solid (Der et al., 1971), thus renewing nearly neutral-atom fluorescence 

yields before the inner-shell decay occurs. This is the behavior 

observed for the ratio obtained with Ar on solid Al targets. 

Figure 15 shows the ratio R for Al and Si projectiles on Ar gas 

targets at the specified interaction energies plotted as a function of 

target pressure. The relative uncertainties indicated are statistical 
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Figure 15. K-K vacancy-sharing ratio R versus target pressure for 
1.256-MeV Si Ar and 1.432-, 1.188-, and 0.969-MeV Al •> Ar. 
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in origin. Each data point has an absolute uncertainty of 10% or less 

from the x-ray absorption correction. 

The 0.967-MeV and 1.182-MeV A1 on Ar plots indicate no pressure 

dependence for the ratio R. The 1.432-MeV A1 on Ar and 1.256-MeV Si on 

Ar plots indicate an increase in R of as much as 30% and 60% respec

tively for a pressure change of a factor of 9, 

Figures 16 and 17 show graphs of the absolute cross sections 

for vacancy production in the Is states of A1 and Ar respectively as a 

function of the target pressure at the indicated interaction energies. 

The uncertainties indicated in each data point are a combination of 

both the systematic and statistical uncertainties which cannot be 

separated when the absolute normalization procedure is used. For 

(Al) the major contributors to the uncertainties are absorption of 

the Al x rays by the Be window covering the Si(Li) detector and the beam 

energy uncertainty at the Al normalization foil. For aH (Ar) the photon 

counting statistics dominate the indicated uncertainties. 

is observed to be a constant as a function of target pressure 

at each of the interaction energies, â  is also observed to be a 

constant as a function of target pressure for the 0.969- and 1.188-MeV 

interaction energies. At the 1.432 MeV interaction energy exhibits 

a quantitative pressure dependence similar to that observed in the 

corresponding (1.432-MeV interaction energy) ratio plot. Thus, the 

pressure dependence observed in the Al-Ar ratio R is due to a pressure 

dependence in ô . Because of the similarity of the collision systems it 

is reasonable to assume that the same is true for the Si-Ar ratio. 



119 

1.432 MeV Interaction Energy 

1.188 M4V Interaction Energy 

1.00 
£ u 

? 
.80-

O o
 

<0 o
 

<0 

.40 • 
b 

.20-

.969 MeV Interaction Energy 

.-3 , 
PRESSURE (1012 x 10 Aims) 

Figure 16. Cross section for vacancy production in the Is state of 
A1 (aT) versus target pressure for 1.432-, 1.188-, and 
0.969=MeV A1 •* Ar. 
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Figure 17. Cross section for vacancy production in the Is state of 
Ar (a„) versus target pressure for 1.432-, 1.188-, and 
0.969-MeV A1 Ar. 
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The origin of this pressure dependence is suggested by 

comparing the theoretical target-recoil cross-section predictions 

for the slope of aH as a function of pressure with the measured values 

at the different interaction energies. Table XXI contains the slopes 

calculated using Equation (2.40) and the experimental slopes and their 

uncertainties determined by a linear least-squares fit to the data in 

Figure 17. At the two lower interactions energies, the theoretical 

calculations are within one standard deviation of the experimental 

result. The 1.432-MeV calculation is slightly larger than one standard 

deviation from the experimental result. 

The experimental and theoretical determination of the target-

recoil contribution to cr̂  for the A1 on Ar collision system indicates 

that it is less than the uncertainties in the 0.969- and 1.188-MeV 

data. The theoretical determination of the target-recoil contribution 

to OJJ for the 1.432-MeV data also indicates it is less than the data 

uncertainties but the experimental determination indicates the target-

recoil effect is slightly larger than the data uncertainties. Since 

this last experimental determination is only based on three data points 

and all of the other evidence indiates an unmeasurable contribution, 

the target-recoil contribution to has been neglected for the A1 on 

Ar collision system. Thus, all of the different pressure data (ratios 

and cross sections) at a given interaction energy are averaged together, 

weighting each according to its uncertainty. 

The ratio data for the Si on Ar collision system at 1.256 MeV 

definitely indicates a measureable pressure dependence probably due to 



Table XXI. Comparison of target-recoil calculation and experimental 
determination of the slope of CT„ versus pressure for 
A1 projectiles on a gas Ar target at three different 
interaction energies. 

Interaction Theoretical Slope Experimental Slope 
Energy (MeV) (cm2/cm of oil) (cm2/cm of oil) 

1.432 3.05 x 10-27 (6.070 ± 2.80) x 10"27 

1.188 1.96 x 10"27 (0.177 ± 2.43) x 10"27 

.969 1.18 x 10r27 (0.529 ± .777) x 10"27 
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the target-recoil effect. Calculation of the target-recoil effect for 

this ratio is not possible because the individual Is vacancy-production 

cross sections have not been measured. However, comparison with the 

A1 on Ar interaction energy behavior indicates this pressure dependence 

should decrease, becoming less important at lower interaction energies. 

Figure 18 shows a semi-log plot of R as defined in Equation 

(4.8) for A1 and Si on Ar (gas target) versus |x| from Tables V and 

VI. Also, the Ar on solid A1 data has been included for comparison 

- 2 l x l  purposes along with the theoretical expression e 1 1 (solid line). 

The uncertainties indicated are statistical. The systematic uncertain

ties, due to absorption corrections, are approximately 8% for the Si 

on Ar ratios and approximately 13% for the A1 on Ar ratios. 

The most important feature of this plot is the observation of 

_21 x I the first deviation from the e 1 1 behavior using a gas target. Both 

the Si and A1 on Ar (gas) exhibit this behavior. Looking at the 

second term in Equation (2.31) and neglecting aR which has just been 

shown to be small for A1 on Ar collision system, the ratio R is 

given by 

R - 3L i fsi_ f5 n 

" v v 
Ĉ1 —21x1 when — » e 1 •. Thus ar1, the Coulomb excitation cross section 
2pa C1 

into the lsa molecular orbital is the major process contributing to 

CTJJ for the A1 on Ar collision system when |x| > S. 

The Si on Ar (gas) data have been plotted for target pressures 

of 10.12 x 10~3 and 91.08 x 10"3 atmospheres. For |x| < 4.35, R is 
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Figure 18. K-K vacancy-sharing ratio R versus |x| for the collision 
systems: Al -»• Ar (gas), Si ̂  Ar (gas) and Ar ̂  Al (solid) 

-21 xl The solid line indicates the theoretical function e 1 1. 



observed to be independent of the target pressure. For |x| = 4.35 

(interaction energy of 1.256 MeV), R has the previously discussed 

pressure dependence and the lowest pressure point is in agreement with 

the e"̂ lxl theory. For |x| >4.35, only the higher target pressure 

measurements were made. Arguments have been given that indicate the 

target-recoil effect should be less than 60% of the high pressure 

measurements at these interaction energies, thus direct Coulomb 

excitation of the lsa molecular orbital is also indicated by the Si on 

Ar collision system. 

For small values of |x|, the gas-target data fall below the 

theoretical curve. This suggests that the fluorescence-yield ratios 

used to convert the x-ray ratios to vacancy ratios are inaccurate. 

Referring to the nonneutral-atom fluorescence yields given in Table I 

for A1 and Ar, the factor of 2 difference between the theory and the 

data for small |x| can only be attributed to a 2s hole in the A1 

atom that is not present in the Ar atom. The production of more 

vacancies in the L shell of the lighter collision partner is expected 

when the difference in target and projectile L-shell binding energies 

is large, confirming this supposition. This plot also indicates that 

this fluorescence-yield ratio is energy dependent because at lower 

energies (higher values of |x|) the experiment and theory approach 

each other. 

A1 Ar Cross Section Results 

Figures 19 and 20 show and for A1 on Ar (gas) plotted as 

a function of the interaction energy. The indicated uncertainties 
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Figure 19. Cross section for vacancy production in the Is state of 
A1 (a.) versus interaction energy for the A1 Ar (gas) 
collision system. 

Curve A indicates theoretical calculations using the Foster 
et al. (1976) procedure. The dashed curve is the result of 
introducing electron shielding effects into this procedure. 
Curve B indicates theoretical calculations using the two-
step molecular process defined in Equation (2.41). 
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LABORATORY ENERGY (MeV) 

Figure 20. Cross section for vacancy production in the Is state of 
Ar (CT„) versus interaction energy for the A1 Ar (gas) 
collision system. 
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are a combination of both statistical and systematic uncertainties. 

For aL> the systematic uncertainties due to the Al x ray absorption 

correction and the beam energy uncertainty at the normalization foil 

dominate. For ô , the uncertainty in the five lowest energy points 

is dominated by the counting statistics in the Si(Li) detector. Hie 

uncertainties in the two highest energy points is dominated by both 

the counting statistics atnd the beam energy uncertainty at the Al 

normalization foil. 

Referring to Figure 18 we see that the 2.5-MeV (|x| = 3.74) Al 

on Ar sharing ratio is 22% below the theoretical line. This difference 

has already been attributed to nonneutral-atom behavior of the 

WA1 fluorescence-yield ratio . Arguments have also been made that 
Ar 

indicate the Al L shell should have more vacancies than the Ar L shell _ 

and that the number of L-shell vacancies in both atoms should decrease 

as the collision energy decreases. Combining this information with 

the theoretical nonneutral-atom fluorescence-yield calculations given 

in Table I leads to the conclusion that u)̂ , must be very close to its 

neutral-atom value and a)A1 must be within 22% of its neutral-atom value. Al 

Thus, the systematic uncertainties in and cr̂  due to fluorescence 

yield corrections should be less than 5% and 25% respectively. 

Referring to Equation (2.26) for and noting that « 1, 

aCl <<: 02pa' anc* aK L <<: a2pa ̂ or  ̂on ̂  collision system at 

these energies gives = ĉ pa* Curve A on Figure 19 indicates the 

result of the calculation of ̂ pa usin2 the united-atom binding method 

of Foster et al. (1976) described in Chapter 2. It overestimates CT2̂  



129 

by 65% over the entire energy range. This calculation is directly 

proportional to %e£fZ = j (Ẑ 2 + Z22) and does not take into account 

the shielding effects of the lsa, 2sa, 2pcr, and 2pir electrons on ̂ eff 

When the Slater shielding rules (Slater, 1960) are used to estimate 

the shielding effects, Curve A is lowered by 65%. The dashed curve 

indicates how well this theory fits the data when this correction is 

included. 

Curve B is an upper limit estimate of the 2pa cross section 

calculated using the two-step quasimolecular process (Equation 2.41) 

described in Chapter 2. Estimates of the A1 2p-state-vacancy fraction, 

using the equilibrium charge state numbers of Betz (1972) for A1 ions 

moving through Ar gas, give f(v) = 0.6 at 2.5 MeV, f(v) = 0.3 at 

1.5 MeV, and f(v) = 0.1 at 500 keV. The quantity W2 is calculated 

using Equation (2.42) with neutral-atom Ar 2p binding energies and 

four-times-ionized A1 2p binding energies. is calculated using 

the scaling procedure of Taulbjerg et al. (1976). This calculation 

falls below the data by as much as a factor of 4. 

Both of these calculations indicate that either process may 

contribute to ̂ pa îs enerSy range and target environment. However, 

the excellent agreement with measurements of the direct excitation 

calculation (dashed curve) together with the underestimate by the two-

step calculation (Curve B) suggests that direct excitation to continuvun 

states probably dominates electron promotion from the 2pa molecular 

orbital. 



In order to consider the direct production of vacancies into the 

lscr molecular orbital, it is necessary to subtract from a„ the effect 
n 

of vacancies shared from the 2pa molecular orbital. Rearranging 

Equation (2.27) and using ŵ  « 1, the direct cross section, 

CTlscx <direct> can be written as 

al30 (direct) = i alsH -  ̂. (5.2) 

Using the values of (â ) and a (Of) from Table IX and calculate 

ing Wj from Equation (1.1), ajsa (direct) can be calculated. Figure 21 

shows the results of this calculation plotted as a function of the 

interaction energy. The uncertainties indicated are due to the 

propagation of the uncertainties in cr„ and a.. 
n L 

The lower solid curve is the result of the Anholt and Meyerhof 

(1977) calculation of cf̂  as described in Chapter 2. At high energies 

it slightly overestimates the experimental results and at low energies 

underestimates the experimental results by a factor of 100 or more. 

Removing the Coulomb deflection correction form the calculation gives 

the upper solid curve. Renormalizing the upper curve to our data 

(dashed curve) indicates that its energy dependence is much closer to 

our observed energy dependence than the calculation including the 

Coulomb deflection correction. Obviously, more theoretical work is 

needed to calculate lsa Coulomb cross sections when I„ < Iv < I. 
1 1 11 
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Figure 21. Cross section for direct vacancy production in the lscr 
molecular orbital versus interaction energy for the A1 on 
Ar (gas) collision system. 

The lower and upper solid curves indicate the theoretical 
calculations of Anholt and Meyerhof (1977) with and without 
a Coulomb deflection correction. The dashed curve is the 
upper curve scaled to the measured 1.25-MeV cross section. 
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K-L Vacancy Sharing (Swapped Region) 

Figures 22 and 23 show semi-log plots of R as defined in 

Equation (4.24) for the 2p̂ 2 
an<* ̂ \/2 states respectively versus |x| 

as defined in Equation (1.1). The data in these plots are taken from 

Tables X through XVI. The statistical uncertainty in each data point 

is indicated either by error flags or the physical size of the data 

point. Each set of data points corresponding to a particular collision 

system has a systematic uncertainty, due to absorption corrections, 

given by the per cent uncertainty in the correction factor Z defined in 

Equation (4.26). For all of the data except Si on Xe, this uncertainty 

is less than 3.5%. For the Si on Xe data it is 14% or less. 

The two-state theoretical prediction of the functional behavior 

of this sharing process is given in Equation (2.16). For a particular 

collision system the parameter x is varied by changing the interaction 

energy. Thus, if the free parameter 0 does not depend on the interaction 

energy, this theoretical expression predicts a straight line dependence 

for each collision system on these serair-log plots. This is verified by 

the solid lines which were generated by a linear least-squares fitting 

procedure for each collision system. Table XXII lists the slopes, 

intercepts, and uncertainties obtained for each collision system. 

The theoretical expression predicts that the slopes should be a 

measure of the quantity -2(1 - cos 0) and the intercepts should all be 1. 

Cos 0 has a range between -1 and +1 and hence the theoretical range of 

the slope of 0 > -2(1 - cos 0) > -4. The AT on Sn ratio for 
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Figure 22. Uncorrected K-L (2P3/2) vacancy-sharing ratio R versus |x| 
for the swapped collision systems: A Ar -*• Sn (solid), 
OAr + Sb (solid), • Ar -»• Xe (gas) , • CI -»• Sn (solid), 
•CI Sb (solid), • CI Xe (gas), and V Si *• Xe (gas). 

The solid lines indicate linear least-squares fits to the 
data for each collision system. 
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Figure 23. Uncorrected K-L (2p1/2) vacancy-sharing ratio R versus |x| 
for the swapped collision systems: A Ar •> Sn (solid), 
O Ar •+ Sb (solid), • Ar -*• Xe (gas), • CI -> Sn (solid), 
• CI Sb (solid), and • CI -*• Xe (gas). 

The solid lines indicate linear least-squares fits to the 
data for each collision system. 
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Table XXII. Uncorrected (for nonneutral atom fluorescence yields) 
slopes and intercepts obtained from linear least-
squares fits to the data (swapped K-L collision systems) 
in Figures 21 and 22. 

Collision Slope Intercept Slope Intercept 
Systems (2p1/2) (2p1/2) (2p3/2) (2p3/2) 

Ar ->• Sn -.7261 + .0185 .7863 ± .0288 .0922 + .0098 .8957 + .0145 

At -»• Sb -.8670 + .0197 .6421 + .0288 -.1486 + .0078 .7486 + .0121 

Ar Xe -1 .1020 + .0266 .2095 + .0118 -.3470 + .0070 .3185 + .0076 

CI -*• Sn -1 .0340 + .0282 .6549 + .0471 -.4877 + .0111 .8327 + .0224 

CI ->• Sb -1 .1650 + .0316 .5820 + .0500 -.5401 + .0098 .6635 + .0175 

CI Xe -1 .1020 + .0266 .2056 + .0236 -.6038 + .0073 .2464 + .0077 

Si ->• Xe -1 .2700 + .0746 .7000 + .4559 
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vacancy-sharing with the ̂ V-z,j2 state C°Pen triangles) has a positive 

slope which puts it outside the acceptable range. The measured 

intercepts are all less than 1. The solid target (Sn and Sb) lines 

have intercepts between 0.6 and 0.9 and the gas target (Xe) lines have 

intercepts between 0.2 and 0.3. The Si on Xe intercept is an exception 

but it is not very well determined. 

To rectify these discrepancies it is necessary to consider the 

validity of the use of neutral-atom fluorescence-yield ratios to convert 

the observed x-ray ratios to vacancy ratios. For Sn, Sb, and Xe the 

observed vacancies are produced in the L(n=2) shell. The fluorescence 

yield for this shell is determined almost exclusively by the number 

and distribution of vacancies in the M (n=3) shell. The number of 

vacancies in this shell is determined by the Pauli excitation process 

discussed in Chapter 2. Assuming a roughly equal probability for 

exciting any electron'in the M shell, the final vacancy distribution in 

the various M subshells will be determined by the ratio of the number 

of subshell electrons to the total number of electrons in the M shell. 

This distribution is subject to modification by the Coster-Kronig 

process. The Coster-Kronig rates for the M shell are strongly 

influenced by the number of vacancies and binding energies in the 

N (n=4) shell. For Xe, Sn, and Sb the N shell is not the outermost 

shell. During a collision it is expected that the shake-off of electrons 

from this shell will not be sufficient to "turn off" the Coster-Kronig 
•N. 

process in the M shell. The Coster-Kronig vacancy-promotion 
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probabilities from the 3s and 3p subshells to the 3d subshell are very 

nearly 1. Thus, all of the vacancies controlling the fluorescence 

yield of the L shell should be in the 3d state. 

In Chapter 2 it was pointed out that for up to six vacancies 

in the 3d state the L-shell fluorescence yield ID,' should be that of 

the neutral atom. For more than six vacancies should decrease until 

all of the 3d electrons are missing. Consequc ly, for Sn, Sb, and Xe, 

is expected to be less than or equal to that of the neutral atom. 

For CI, Ar and Si, the fluorescence yield of the K (n=l) shell 

is determined by the number and distribution of vacancies in the L 

shell. Comparison of Hartree-Fock calculations for the Ar K energy 
(X 

shift as a function of the number of sequentially stripped 2p electrons 

with the measured Ar K energy shifts in the solid targets indicates GJ> 

an average of 0.5 2p vacancies at the lowest energies and 3.5 2p 

vacancies at the highest energies. In the gas target, the K energy 

shift is independent of the interaction energy and equal to the high 

energy shift in the solid targets. This indicates 3.5 2p vacancies in 

the gas-target collisions independent of the interaction energy. 

Calculations were also made using the screening rules of Slater (1960) 

that indicate the high energy shift can also be attributed to a single 

2s and a single 2p vacancy. The fluorescence-yield calculations for 

Ar (see Table I) indicate that these two L-shell configurations lead to 

the same o>K to within 5%. Assuming similar behavior for the CI and Si, 

the nonneutral-atom fluorescence-yield calculations indicate that for 

the solid targets the lowest energy ratios should be increased by a 
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factor of 1.05 and the highest energy ratios should be increased by a 

factor of 1.35. In the gas targets involving CI and Ar projectiles all 

of the ratios should be increased by a factor of 1.35. For the Si on 

Xe the ratios should be increased by a factor of 1.4. 

Making these corrections to all of the ratios produce solid-

target intercepts that cluster near 1 and gas-target intercepts that 

are still too low by a factor of 2. The fact that the solid-target 

correction is in agreement with the theoretical intercept suggests 

that the use of neutral-atom Lr-shell fluorescence yields is good for 

these cases. Neutral-atom fluorescence yields indicate less than six 

3d vacancies. In the gas target, the low intercept is consistent with 

the correction that would be needed to correct for a smaller than 

neutral-atom L-shell fluorescence yield. This indicates more than six 

3d vacancies. This difference, between the number of 3d vacancies 

present in the solid and gas targets, is probably due to a solid state 

effect similar to that observed by Der et al. (1971). They suggest 

that in a solid environment there can be some rapid filling of vacancies 

by the free electrons in the solid. 

Since we have only qualitative, information about in the gas, 

the gas-target intercepts are adjusted to agree with the average of 

the solid-target intercepts.by rotating the fit about the lowest energy 

data point. This procedure assumes that at the lowest energy is 

nearly equal to the neutral-atom (0̂  and needs no additional correction. 

Because of the uncertainty in this assumption, the uncertainties in the 

gas target slopes include the full range of these rotations. The 



139 

resultant curves from all of these corrections are shown in Figures 24 

and 25. It is important to note again that the solid target intercepts 

are brought into agreement with the theoretical intercept by using only 

calculated corrections and that the Ar on Sn slope is now negative in 

accordance with the theory. 

Using these corrected curves, new slopes have been calculated 

and are listed in Table XXIII. Also included are values of the free 

parameter 0 calculated using the expression 0 = cos"1 (1 + j a) where 

m is the measured slope. 

The uncertainties introduced by the correction procedure for 

the solid targets can be estimated by considering the effect of a 30% 

uncertainty in the fluorescence-yield correction on the slopes and 9 

values. A 30% uncertainty should be sufficient to cover the 

uncertainties in the determination of the projectile L-shell defect 

configuration and the subsequent nonneutral-atom calculations. For 

the Ar on Sn 2p̂ 2 level, this introduces a 45% uncertainty in the 

slope and an 18% uncertainty in 0. For the Ar on Sb 2P3/2 level, this 

introduces a 15% uncertainty in the slope and a 7% uncertainty in 0. 

For the CI on Sn 2pĵ  level, the slope uncertainty is 6% and the 0 

uncertainty is 2%. These uncertainties continue to decrease as the 

uncorrected slope increases. Thus, the rest of the solid-target ratios 

(both 2p̂ 2 anc* 2Pjy2) have corrected slopes with uncertainties less 

than 6% and values of 0 with uncertainties less than 2%. 

The gas-target slope and 0 uncertainties must cover the full 

range of the correction rotation about the low energy data point. For 
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Figure 24. Corrected K-L (2p_._) vacancy-sharing ratio R versus |x| 
for the swapped collision systems: Ar ̂  Sn (solid), 
Ar Sb (solid), Ar Xe (gas) * CI Sn (solid), CI Sb 
(solid), CI -»• Xe (gas), and Si Xe (gas). 
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Figure 25. Corrected K-L (2pt._) vacancy-sharing ratio R for the 
swapped collision systems: Ar Sn (solid), Ar -»• Sb 
(solid), Ar •* Xe (gas), CI •* Sn (solid), CI ->• Sb (solid), 
and CI Xe (gas). 
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Table XXIII. Corrected (for nonneutral atom fluorescence yields) 
slopes and 8 values for the swapped K-L collision 
systems in Figures 23 and 24. 

This includes the K and L subshell binding energy 
differences Ae. 

Collision 
System 

Slope 
C2P1/2) C2PI/2) 

Ae(Kev) 
C2P1/2) 

Slope 
(2P3/2) 
s 

0 

3̂/2) 

Ae(Kev) 
C2p3/2) 

Ar •+ Sn -.884 62.3° .954 -.108 21.0° .725 

Ar ->• Sb -.990 66.3° 1.178 -.313 36.1° .929 

Ar ->• Xe -1.090 69.9° 1.901 -.622 51.6° 1.579 

CI Sn -1.160 72.4° 1.338 -.645 52.6° 1.109 

CI -> Sb -1.290 76.9° 1.562 -.668 53.6° 1.313 

CI Xe -1.350 78.9° 2.285 -.882 62.2° 1.963 

Si + Xe -.970 65.6° 2.944 
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the Ar on Xe level, this gives a 20% uncertainty in the slope 

and a 10% uncertainty in 0. For the CI on Xe 2p̂ 2 level, this gives 

a 13% uncertainty in the slope and a 6% uncertainty in 0. These 

uncertainties continue to decrease as the uncorrected slope increases. 

Thus, the rest of the gas-target ratios (both 2p̂ 2 and 2p̂ ) have 

corrected sloped with uncertainties less than 10% and values of 0 

with uncertainties less than 5%. 

Equation (2.18) indicates that 0 can be calculated if the 

energy splitting of the molecular orbitals is known at the center of 

the nonadiabatic region. Eichler et al. (1976) have used their 

variable screening model (nonrelativistic) to calculate the molecular 

energies for the Ar-Xe collision system. Using this calculation to 

obtain U(Rp) at the center of the nonadiabatic region and substituting 

into Equation (2.18) gives a value of 0 that is in agreement with the 

measured value for vacancy sharing with the 2p̂ 2 state. This 

theoretically determined value does however, have a substantial 

uncertainty because of the ambiguity in choosing the internuclear 

separation that corresponds to the center of the nonadiabatic region. 

Variable screening model calculations are not available for 

0 
the rest of our results so a simple plot of sin ̂ as a function of 

the K-shell and L-subshell binding energy difference Ae is used to 

indicate possible trends in our results. This plot is shown in 

Figure 26 with the triangles indicating the results of vacancy sharing 

with the 2p̂ 2 state and the circles indicating the results of vacancy 
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Figure 26. Measured values of sin 0/2 versus Ae. 

The quantity 0 is the state mixing defined by Nikitin (1970) 
and Ae is the K-shell and L-subshell binding energy 
difference. The dashed curves indicate the Meyexhof (1976) 
determination of sin 0/2 for large Ae. The solid curves 
indicate the general trends exhibited by the 2p.n and 2p_.„ 
data. 
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sharing with the 2p3̂  state. The most obvious observation is that 

0 
the 2pjy2 an<* 2p3̂ 2 results for sin •j are different at the same value 

of Ae. Both the 2p̂ 2 -̂V̂ /2 results exhibit a systematic trend of 

0 increasing sin as Ae increases. The solid lines in Figure 26 are 

intended to show this general nature but the scatter of the data about 

these lines indicates, despite the large estimated uncertainties for 

a few of the data points, a more complicated relationship between 0 

and the physical properties of the collision systems. 

For large Ae both the 2p̂ 2 >an<̂  2Pl/2 results asymptotically 

0 
approach different limiting values of sin . Meyerhof (1976) has 

shown that his K-L vacancy-sharing results can be interpreted in 

0 
terms of the Nikitin formalism if constant values of sin j = 0.56 

0 
for the 2p.jy2 sharing and sin = 0.46 for the sharing are chosen. 

These asymptotic values are indicated by the dashed lines in Figure 26. 

The agreement between the two sets of asymptotic limits is not perfect 

but it is not known how sensitive the Meyerhof determination of these 

limits is to variations in the parameter 6. 

K-L Vacancy Sharing (Unswapped Region) 

Figure 27 shows a semi-log plot of R as defined in Equation 

(4.34) versus |x| for the unswapped K-L data given in Tables XVII 

through XX. The statistical uncertainty in each point is represented 

by the size of each data point. The systematic uncertainties due to 

the absorption correction are approximately 20% for all of the data. 
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Figure 27. Uncorrected K-L vacancy-sharing ratio R versus Jx| for 
the unswapped collision systems: O Ar -*• Y (solid), 
A Ar Kr (gas), • CI •+• Y (solid), and A CI •> Kr (gas). 

The solid lines indicate linear least-squares fits to 
the data for each collision system. 
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The two-state theory suggests that these ratios are described 

by Equation (2.16). If 0 is independent of energy, the ratios from 

each collision system should be a straight line on this semi-log plot. 

The dashed and solid lines in Figure 27 are linear least-squares fits 

to the gas- and solid-target data, respectively. All but the lowest 

data point for each collision system lie on the fitted lines in 

agreement with the theory. The slopes and intercepts obtained from 

the fits and their uncertainties are given in Table XXIV. 

The solid- and gas-target intercepts are different and neither 

is equal to the theoretical prediction of unity. The difference 

between the solid-and gas-target intercepts indicates that a solid state 

effect similar to that observed for the swapped collision systems is 

operating. The low values for the intercepts aire due to nonneutral-

atom fluorescence yields and Coster-Kronig transitions rates. It is 

possible to correct the K-shell fluorescence yields as was done for the 

swapped systems, but the effective L-shell fluorescence yield is too 

complicated to interpret in terms of the possible M-shell vacancy 

distributions even at the lowest interaction energies. If the resolu

tion of the detector system were good enough to resolve the separate 

transitions to the L subshells then the x-ray yield to vacancy yield 

conversion would be less complicated. This would result because the 

distribution of vacancies (originally produced in the subshell) 

among the three subshells could be determined experimentally. Thus, 

a knowledge of Coster-Kronig transition probabilities would be 
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Table XXIV. Uncorrected (for nonneutral atom fluorescence yields) 
slopes and intercepts obtained from linear least-squares 
fits to the data (unswapped K-L collision systems) in 
Figure 25. 

Collision Slope Intercept 
Systems (2sl/2̂  2̂sl/2̂  

Ar Kr -2.147 ± .0099 .0823 ± .0025 

Ar Y -3.148 ± .0461 .2174 ± .0175 

CI Kr -2.696 ± .0142 .1028 ± .0029 

CI -»• Y -2.797 ± .0276 .1789 ± .0050 
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unnecessary. This would probably make it possible to correct for the 

nonneutral-atom behavior and obtain values for the parameter 0. We 

did not have the necessary detector resolution available and thus have 

not been able to extract reliable values of 0 from these ratio data. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

We have verified that our experimental procedures for both gas 

and solid targets reproduce, quantitatively, the results that have been 

obtained by other experimenters for K-K vacancy sharing. This includes 

_ 21 v | 
the R = e" ' 1 dependence for values of |x| less than 4.5 and the solid 

target divergence from this exponential behavior for values of 

-| x| >4.5. We have extended this work in our gas chamber to observe 

the first gas-target deviation similar to that observed for solid 

targets and verified that it is not due to the target-recoil effect but 

instead due to direct excitation of electrons from the lsa molecular 

orbital. 

In the deviation region, the individual cross sections for 

production of final vacancies in the Is states of both the heavy and 

light atomic systems have been measured as a function of both the 

target density and interaction energy. The cross section for vacancy 

production in the Is state of the light atom showed no dependence 

on target density. The cross section for vacancy production in the 

Is state of the heavy atom .showed a weak target density dependence . 

whose magnitude is less than the experimental uncertainties. This 

density dependence has been attributed to the target-recoil effect by 

comparison with theoretical calculations. 

150 
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Both the two-transfer molecular vacancy-production process and 

direct Coulomb excitation from the 2pir - 2pa manifold are the right 

order of magnitude to contribute to ̂ pcr" However, the excellent 

agreement between the direct calculation and the measured values and 

the underestimate of the measured values by the two-step calculation 

indicates the direct excitation process probably dominates CT2pa" 

is possible that a target density dependence might be introduced into 

f(v) by using a heavier projectile (such as CI) so that f(v) will not 

be a major contributor to the equilibrium charge state of the beam in 

the Argon gas. Then the two-transfer molecular cross section will have 

a pressure dependence [through f(v)] and the Coulomb excitation cross 

section will not, allowing the two processes to be experimentally 

separated. 

The calculated energy dependence and magnitude of as 

proposed by Anholt and Meyerhof (1977) is not consistent with the 

measured results. The energy dependence of the theory can be brought 

into reasonable agreement with experiment if the Coulomb deflection 

correction is eliminated from the calculation. However, this new 

result overestimates the magnitude of the experimental results. We 

believe that better agreement between theory and experiment could be 

obtained if an impact parameter formalization were used where both the 

binding energy and Coulomb deflection corrections are incorporated in 

each Coulomb trajectory before the integration over impact parameters 

is performed to obtain the total cross section. 
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The K-L vacancy-sharing results for both the swapped and 

unswapped collision systems can be fit by the theoretical function 

R = e~̂ x̂ "cos®̂  with 0 independent of the interaction energy. The 

first observation of a strong dependence of 0 on the collision system 

is indicated for the swapped cases. For the unswapped cases, this 

dependence is not as strongly indicated but there are differences 

between the two gas and the two solid slopes where nonneutral-atom 

corrections should be nearly identical. 

It was possible to correct the swapped collision systems for 

nonneutral-atom behavior of the relevant fluorescence yields and 

obtain values of 0 for K-shell vacancy sharing with the 2pjy£ anc* 2P3/2 

states. These values of 0 are observed to exhibit some basid trends. 

The value of 0 for sharing with the 2pjy2 state of a particular 

collision system is always greater than the value for sharing with the 

2p3̂ 2 state. Also, as the binding energy difference between the two 

0 sharing states increases, the value of sin increases asymptotically 

approaching different limiting values for the 2p̂  ̂an<* ̂ z/2 cases* 

These limiting values are in reasonable agreement with the constant 

values of 0 used by Meyerhof (1976) to fit his K-L vacancy-sharing 

results. 

Direct calculation of 0 using the nonrelativistic variable-

screening-model energy-level calculations of Eichler et al. (1976) for 

the Ar-Xe collision system is in reasonable agreement with the measured 

value of 0 for vacancy sharing with the 2p3̂ 2 state. The availability 
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of these energy level calculations for our other collision systems and 

the inclusion of the spin-orbit interaction in the calculation would 

be very useful in predicting the measured values of 0 for the rest of 

our collision systems. Comparison of many theoretical calculations 

with experimental results should help remove the ambiguity in the 

definition of the center of the nonadiabatic region used in these 

calculations. 

The theoretical model considered in this work is based upon 

the assumption that only two states interact strongly at one time. 

At least three states are taking part in the K-L vacancy-sharing process 

and the measured value of the two state 0 may be influenced by the 

presence of the third state. This suggests that a multi-state calcula

tion may need to be done to fully understand the physical significance 

of these results in terms of the fundamental properties of the collision 

systems. 



APPENDIX A 

GAUS2Z DESCRIPTION 

GAUS2Z is a least-squares Fortran and Compass computer code 

that fits the peaks in multichannel spectral data with gaussian 

line shapes and polynomial or exponential backgrounds. The general 

form of the fitting function at any analyzer channel x̂  is 

where N is the number of peaks, â  are the peak heights, are 

the peak locations, a-ĝ +2 are Peâ  widths, and S is the gaussian 

skew factor. If the exponential background is to be used the 

" a 2 x "  preceding polynomial is replaced by â  e .̂ 

Let ajj be the initial vector of parameters, aT the vector of 

parameters that gives the best functional fit, x the vector of channels 

to be fit, and f(x,a) the best function fit to the data. Expanding 

this function to first order in a Taylor series expansion about â  

gives 

(Al) 

M 
f(x,a) = f(x,aQ) + z 

i=l da. I 
1 J 

(a. - aQi) (A2) 

where M is the total number of fitting parameters. 
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Let Aa. = a. - a., and Z„_ 
x x Ox x>m 

function can now be written as 

!"df(x-,a)l 
= |̂ — J I=i"o • X2 for this fitting 

X2 • ,i (57 [Y: - f(xra»2| 

n ( , M ) 
= Z <•— [Y. - f(x.,a.) - Z Z.. Aa.]2> (A3) 
j=i ( j 3 . j 0 i=1 n i' f 

where n is the number of data channels and Y. and cr. are the data and 
J J 

data uncertainty in each channel. The least-squares fitting procedure 

requires that x2 be minimized with respect to each of the fitting 

parameters â . This is done by setting the first derivative of x2 

with respect to each of these parameters equal to zero: 

= "2 ? [Y. - fCx.,1" ) - I Z.. Aa.] i = 0 
3ak j=l|aj J 3 °' i=l 31 1 J 

(A4) 

for all k. This can be rewritten as 

n Z., _ n M 
E -4 [Y - f(x.,a )] = Z Z Z-. Z.. Aa.. (A5) 
j=l j 3 u j=l i=l JK 31 1 

Defining 

6k " 5̂  tYj - f(x !„)], 
3-1 J J 

n Z., Z.. (A6) 

v - * -"h* J=1 J 
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and substituting into Equation (A5) gives 

Sfc - J1aki4ai tA7) 

for all k. Writing this in matrix form gives 

3 = o Aa (A8) 

where a is the standard curvature matrix (see Bevington 1969, pp. 152, 

154) because of its relationship to the curvature of x2 in parameter 

space. 

The objective of this fitting procedure is to correct the 

initial parameters to obtain a better functional fit to the data. 

In order to do this a solution to the previous matrix equation has to 

be formulated for the correction vector Aa. Mathematically, this 

involves forming the inverse of the matrix a which is generally called 

the error matrix e". Operating on the matrix Equation (A8) with *e 

gives 

e = eaia = Aa . (A9) 

Now that the difference between the best parameters and initial 

parameters is known in the linear approximation a new vector of 

guessed parameters is generated by adding the Aâ , weighted by some 

fraction less than 1, to the previous â . This new vector of initial 

parameters is used to start the fitting procedure over again. This 

process continues until one of several operator setable parameters 

falls below its given value. The vector â  produced at the end of this 



iteration is output as the best possible set of fit parameters. The 

program also outputs the area of each peak which for a nonskewed 

gaussian (S = 0) is given by the integral 

•, • (••» 
1.665 Cx- a3.+1)-2 

a3i+2 -] 
dx (A10) 

a3i a3i+2 
1.665 ir . 

The statistical uncertainty in each of the parameters is 

calculated in the following manner. The square of the standard 

deviation of any set of independent parameters is given as (Bevington 

1969, pp. 60) 

n 

x 3=1 

3a. 

j*y 
a.' 
3 

Writing Equation (A9) in component form and solving for the i 

parameter gives 

M 
ai " £ikBk"a0i 

(All) 

th 

M r m zki -

w Eikb=iV lYj • fCxra°)] - a°r CA12) 

Taking the partial of â  with respect to each data point gives 

3â  

7̂ s k=i 

M 
Z £ Jsi 

ik oJ (A13) 
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Substituting this into Equation (All) gives 

f n M Zfl2 
c 2 = Z Z e.. a.2 
a. I . , , , lk a.z 1 x |_j=l k=l j J J 

(A14) 

n M M 
E Z Z e . ,  e . „  
j-lblW lk lA 

Z. . ZI. 
Ja-TT-L a. 

J 

M M n Z Z 
Z Z e., e. „ Z , , „ , ik i£ . . a.2 k=l £=1 3=1 j 

But from Equation (A6) the last summation is just â . Hence, 

:ik ei£ °k£ CA15) 

M M 
a 2 = Z Z e„ e_. 
ai k=l £=1 

M 
Z e., 5., 
k=l lk lk 

11 

Therefore, the square of the standard deviation for each of the 

fitting parameters is just given by the corresponding diagonal element 

of the error matrix. The uncertainty in the i**1 peak area is found by 

propagating the height and width uncertainties as 

2 _ 
3A. 

°a3i 

3A. 

= A 
a3i 
a3i 

3a3i+2 a3i+2 

a3i+2 

(A16) 

a3i+2 



APPENDIX B 

BACKGROUND SUBTRACTION PROGRAM 

This background subtraction program (NOVA) is a Fortran coded 

routine that subtracts the background under a peak or set of peaks 

in a multichannel spectrum. After the background has been removed 

the resultant peaks are integrated (summed) to determine the number 

of counts in each. 

In order to subtract the background the user chooses one, two, 

or three sections of the multichannel spectrum near the peaks of 

interest that have only background counts. The data in these sections 

are then fit with up to a third order polynomial of the form. 

B(x) = aQ + â x + a-̂ x2 + a3x3 (Bl) 

by a least-squares polynomial fitting subroutine, POLFIT (from 

Bevington 1969, pp. 134-144). This program returns the set of fit 

coefficients a. and their standard deviations cr . 
ai 

Once the background in the region of the peaks has been 

analytically determined the area of a peak is given by 

n n n 
A = Z [Y(x.) - B(x,)] = I Y(x.) - 2 B(x.) (B2) 

i=l 1 1 i=l 1 i=l 1 

where n is the number of channels in the peak, Xj is the first channel 

of the peak, xn is the last channel of the peak, Y(x̂ ) is the data in 
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a particular channel x̂ , and B(x̂ ) is the analytic background at 

channel x̂ . The uncertainty in the area depends on the uncertainty 

in the data in each channel and the uncertainty in the background 

determining coefficients. For statistically independent parameters, 

the standard deviation of the area is given by 

where cr̂  is the standard deviation of the data point. For counting 

experiments, the data in any channel is governed by poission statistics 

which implies that ck = /Y(x̂ ) . 

results as long as the background regions can be chosen near the peaks 

and the peaks themselves are reasonably well resolved. If two of the 

peaks overlap, the resultant area obtained for each peak by choosing 

the common peak boundary in the center of the valley between them gives 

results consistent with the gaussian fitting procedure. If the back

grounds have to be chosen far from the peaks then a value judgement has 

(B3) 

This particular procedure in general gives quite satisfactory 



to be made as to how well the resultant background fit actually 

models the real background under the peak. If care is taken, results 

consistent with the gaussian fitting procedure are obtained. 



APPENDIX C 

SAMPLE NORMALIZATION AND CROSS SECTION CALCULATIONS 

The absolute cross section calculations and the normalization 

procedure used to obtain the number of incident ions have been 

outlined in Chapters III and IV. In this section more detail will be 

included concerning these calculations and an actual calculation will 

be presented for the Al-Ar (gas) collision system. 

Normalization Calculation 

The ratio of the number of scattered particles I to the number 

of incident particles IQ is given as in Equation (3.9) as 

f - » SF <«* 
o 

where N is the number of scattering target atoms per area, is the 

center of mass differential Coulomb cross section and d£2* is the center 

of mass solid angle for the scattered particles, can be written 

in terms of the laboratory collision energy E and the center of mass 

scattering angle 6 as 

d a 
dfl* 

Zj Z2 e2 (mj + m2) 

4 m2 E 
sin1* 0/2 

(C2) 

where Ẑ , m̂  and Ẑ , are the charges and masses of the projectile 

and target atoms. The center of mass quantities 0 and dO* can be 
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written in terms of their laboratory counterparts ip and dfi as 

sin 0 tan I/J = 
m.  CC3) 

cos 0 + 
m„ 

and dft = 

m 
1 + 2 — cos 0 + 

2 

f *1 2 "• 
in, 

2 "• 
1 

m, I _ 

3/2 

ml 1 + — cos 0 
m2 

dfl* (C4) 

are: 

The values of the quantities used to evaluate these expressions 

ip = 120° ± 0.2° 

= 26.98 amu, 

= 196.967 amu, 

\ - 13, 

Z2 = 79, 

N = 2.061 x 1016 atoms/cm2, 

dfl = 5.448 x 10"" st. 

Graphically solving Equation (C3) for 0 and substituting the value in 

Equations (C2) and (G4) gives: 

0 = 126.8°, 

= 4.298 x 10"21 (cm2 - mev2/st.)/E2(MeV)2, 

dfl* = 4.698 x 10"" st. 

Substituting these quantities into Equation (CI) gives 

I _ 2.672 x 10"8 (scattered particles/incident ion/MeV2) 
Io E2 (MeV)2 
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A point on the normalization plot in Figure 7 is given by 

Y 
Normalization A1 x-rays _ _N 2.672 x 10~a 

Incident particle (4ir) I 2̂ (Mev): 

where is the normalization x-ray yield seen by the Ge detector and 

I is the measured scattered particle yield. 

Cross Section Calculation 

The absolute cross section for the production of vacancies 

in any atomic state is given by 

Y 

*0 n 
(C6) 

where Y is the yield of holes in the state, I is the number of 

incident particles, and N is the number of target atoms per area. 

The yield Y can be written in terms of measured or known quantities as 

+ 4irR2 
Y - YSi »A TJ-

where Yĝ  is the measured x-ray yield in the Si detector, fĝ  is the 

fractional dead time of Si detector, uv is the fluorescence yield of 

the atomic state, R is the fractional absorption of the emitted x-ray 

4TTR2 yield in reaching the detector, and —r— is the ratio of the total 

solid angle for x-ray emission to the solid angle subtended by the 

Si detector. This expression assumes an isotropic distribution of the 

emitted x rays. The incident particle yield can be written as 

i_-"r„ 4* ti • I tew tNormalization A1 x-rays (Incident particle) (4ir) 
E=E 

B 
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where f„ is the fractional dead time in the Ge detector, and the Ge 

last term is obtained from the normalization plot (Figure 7) at E 

equal to the calculated beam energy Eg at the A1 normalization target. 

N can be written as 

"a p 
n  •  » t a ;  7 6 t i 3 t  c c 9 )  

where p is target gas density, is Avagadro's number, Â  is the 

target atomic mass in amu, T is the length of the observed gas, 

and P is the gas pressure in cm of oil. 

For the A1 cross section at an interaction energy of 1.959 

MeV, the values of the parameters necessary to evaluate Equations (C7), 

(C8), and (C9) are: 

Normalization A1 x-rays/Incident Particle/4ir _ c = 2.750 x 109 e=eb 
p = : 10 cm of oil, 

f « = .0008, 

f = » .0164, 

<*> = = .038, 

A = • .377, 

C = 1.6341 x 10"3 gm/cm 

T = .799 cm, 

R = 3.797 cm, 

.07 cm2, 

Si = 135230 counts, 

ii
 

194880 counts. 
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Substituting these quantities into Equations (C7), (C8), and (C9) 

gives: 

Y = 2.445 x 1010 vacancies, 

IQ = 5.732 x 1012 incident particles, 

N = 1.933 x 1017 atoms/cm2. 

Substituting these quantities into Equation (C6) gives: 

<Tl = 2.143 x 10-20 cm2. 
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