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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 particlé 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'l to 250 mm of Hg.

K-K vacancy-sharing ratios have been measufed for C1 + Ar (gas),
Si + Ar (gas), Al + Ar (gas), Ar + S (HZS gas), Ar + Al (solid), and
Ar - Cu (solid). Values of these ratios as a function of the Meyerhof
parameter |x| deviate from the predicted functional form e-2]x| for
large values of le 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 1s electrons to continuum states.

| Results are presented for measurements of 1ls vacancy-production

cross sections from 0.7 to 2.5 MeV for the Al + Ar (gas) collision
system. In this region the Al 1ls vacancy-production cross section
GL.é 0,y and the Ar 1s vacancy-production cross section oy = 0;

po so

(direct). Discussions of the best theoretical calculations of °2pc

xii



xiii

and (direct) are presented and comparisons with the measured

c
1so
results are made.

Swapped (I, > IK ) vacancy-sharing ratios have been measured

between the K sheI:Hof Sif Cl, and Ar projectiles and the L subshells
(2p1/2) and CZPS/Z) of Sn (solid), Sb (solid), and Xe (gas) targets.

The two-staté exponential-coupling model of Nikitin is discussed and
the measured vacancy-sharing ratios are used to determine the Nikitin
state-mixing parameter 6. This determination indicates 0 is independent
of the collision energy but has a strong dependence on the collision
partnersf

Unswapped (I, > I ) K-L vacancy-sharing ratios have

Ky gy
been measured between the K shell of Cl and Ar projectiles and the
L1 subshell of Y (solid) and Kr (gas) targets. Comparison with the
Nikitin two-state theory indicates 6 is independent of the collision
energy and may have a weak dependence on the collision partners. Actual
values of O 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 leéving 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



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;z 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 é vacancy with another electron from
the same shell (An = 0}'510ng witﬁ 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 yielﬁs 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



sections and x rays that were not characteristic of either the beam or
the target atoms led him to the suggestioﬁ that the excitation process
may be proceeding via the formation qf a molecule-like state during

the collision. This assertion was not confirmed until Armbruster (1962),
Armbruster et al. (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
vacancy*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 lbsses 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 (1567) to propose the idea of electron promotion at moleéular
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.



4
These calculations were found to be in good agreement with experimental
measurements of proton and alpha-parficle 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 1s ground states of the two collision partners. He predicted that
the probability of transferring a vacancy from the molecular state that

connects to the 1s state of the light atom (lowest Z) to the molecular



state that connects to the ls state of the heavy atom (highest Z) is

given by

a + 2%l am

<
]

1/2)

vﬁ'w(111/2 - 1,
/a v

I1 and I2 are the ionization energies of the ls states in the projectile

where 2x

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 égreement with experimental measurements of w for values of
|x|_$ 3. Jones et al. (1975) found the first experimental deviation

from this theoretical result for values of |x| greater than about 4 fy
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 Equatioﬁ (1.1) may be needed; one that includes mechanisms
for vacancy production into the lsH (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 lsH excitations pro- .
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 attribpted totally to the target-recoil

effect.



The idea of vacancy shgring between two ls states can be
extended to any set of states that have binding energies that are
roughly equal. Thﬁs, 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 sharingbbetween 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 1
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 vacandy-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. © in the Nikitin theory.

Research Outline

This present work focuses first on the production of 1s
(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| = 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



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.partiele 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 éingle—
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 effgct 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. 1In 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



Lichten (1972) to'include heteronuclear collision syétems, 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 Ro’ a fully adiabatic energy level diagram

can be generated as a function of Ro. 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-electroﬁ problem, Barat and
Lichten (1972) introduced the following set of rules for connecting the
separated atom (Rb = ») and united-atom (Ro =0, Z = Z1 + 22) states:
a) conserve the number of radial nodes by connecting united and
separated atom states with the same n - £ - 1; b) conserve orbital
angular momentum projection along the'internuclear axis by connecfing
states with the same mg; 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 thch each molecular orbital has been labelled according to
its united-atom correlation and its orbital angular momentum projection

using the symbols o = 0, m = 1, § = *2, etc. The subscripts L and H



n=2-1

WUN-=-0

Figure 1.

. 10
UNITED ATOM SEPARATED ATOM n-£-1

BINDING ENERGY

Schematic single-electron correlation diagram for atomic
collision systems which satisfy the separated atom binding
energy condition I > 1 > I25

lsH lsL H
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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 & - m, angular nodes correlate to united-atom states with

n - & -~ 1 radial nodes such that
K - mz)SA = (m-4 - l)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.l and 2 indicate different
separated:atom correlations for the 3do molecular orbital., Barat and

Lichten predict a ZpH correlation while Eichler et al. predict a 25H



Figure 2.

United Atom ‘ Separated Atom

BINDING ENERGY
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Ry

Schematic multiple-electron correlation diagram for atomic

collision systems which satisfy the separated atom binding

energy condition Ils > I1s > I25 (unswapped). :
H L H

12
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Figure 3. Schematic multiple-electron correlation diagram for atomic
collision systems which satisfy the binding energy condition

I > 1 >1 (swapped).
2pH lsL SsH
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correlation. This correlation directly affects the unswapped K-L
vacancy-sharing data analysis and will be discussed in greéter 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 ﬁs(t) changes as a function of time, nonadiabatic
couplings can be introduced between some of the states. Consider the
two molecular states wl[ﬁb(t)] énd wz[ﬁo(t)] and their Hamiltonian

Ho[Ro(t)]. At any time t,

Hy[R (¢ )] ¥, [R (£ )] = By [R (£ )1 ¥, [R, (t,)] (2.2)

o)

where Ei[E;(to)] is the eigenenergy of the state i at EB(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 wlfﬁs(t)]

and wzfﬁg(t)]~as

V() = a,(8) ¥ [R (0] + a,(t) ,[R (£)] . (2.3)

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

H[R,(t)] ¥(t) = ih 3/3t y(t) . 4 (2.4)
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Projecting this equation on each of the basis states wl and wz and

noting that "c?i:' = %2— BB—R + g—?{ % where R is the 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):

: SR 3R 3
a,(t) = [fl—El(t) - s[5 ox - 'aT%'é‘l"ﬁ] a, (%)
3R 3 , 90 9

- ("’1 TR ' 5T ﬁl"’z) 2,(t) »
(2.5)

) i 3R
a,(t) = [;;-Ezct) - <w2|5;5§-- 5‘{5’6""2] z(t)

9R 3 98 3
-l Rt % 'ﬁl"’l’ 2, (t) .
The last term in each of these expressions causes Y(t) to be a time
varying mixture of wl and wz ihdependent 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

R 3 _ 3
3% R YRR (2.6)

where VR 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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® 3
at 296

i '
= 0Ly, (2.7)
where L, is the orbital angular momentum projection operator
perpendicular to the infinite separation internuclear axis. Since L,
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 elecfron promotions that are known to be dominated by

the radial cpupling process. However, this mechanism is partially
responsible for suppnlying the vac;ncies 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 stiongest when the angular velocity
of the rotating internuclear axis 8 is largest. This occurs near the
point of closest approach during the collision when the internuclear 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 2poc - 2p7,

3do --3dm, 3po - 3pT and 3dm - 3d§ molecular orbitals.



17

+ 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 El(t) - Ez(t) = at.
Briggs and Macek (1972) have made calculations of 2poc - 2pw 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-shéll excitation
via the 2po - 2pw molecular coupling. This scaling law permits the
calculation of 2po - 2pT 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>wﬁere 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 for the

radial electron promotion process.
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The set of Equations (2.5) can be rewritten in matrix form

as
A (t) Hy, (8)  Hp,(t) 3, (t) 2.8
i . = )
a,(t) Hy (£)  Hy(t) 2, (t)
A simple phase transformation of,th% form
F [ e
ai(t) = bi(t)~e (2.9

reduces this set of equations to the set of equations

i t ? ] 1
tﬁf [H,;(t") - Hjj(t )]dt

if b; (t) = Hy, (t)e b(t)  (2.10)

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 ekponential
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

Hy, - Hy, = de (1 - cos 6 ¢"*Ro) (2.11)

11 2

and

CH. = 2B in e o¥Ro
le H21 = —5- sin 0e

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

)

energy differences, ARo is the difference between the internuclear

separation Ro and the center of the interaction region Rp, and o is the



coupling strength parameter. Assuming~a straight-line trajectory
across the interaction region gives ARO = VR;. Substituting Equation
(2.11) into (2.10) gives

C=av,t!

-avgt  #i [TAc(1-coso)e N at!

ih b, (t) = 55 sino e e by @12)

where the (+) sign is for i=1 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 6 = m/2 and
approximately for general 6.

Meyerhof (1973) solves this set of equations ekactly for
8 = /2 and finds that the probability for vacancy transfer w is

given by the expression indicated in Equation (1.1):

2|x|.""
w=(l+e Ix )

Za Y - 1LY
where 2x = and I1 > I2 .

vim v

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

is constant as a function of time and obtains

W= e-x(l-cose) sinh x(1 + cos8) (2.13)

-sinh 2x

for the probability of vacancy transfer. Since this is an approximate
solution in the sense that le was treated as a constant, the range of

x and 8 over which Equation (2.13) should be a good approiimation is

19



not clear. Assuming x= 1/2 and x(1 + cos@) = 1, Equation (2.13) can

be rewritten to a good approximation as

- e-2x(1-cose) . (2.14)

Comparing this result at 0 =,glwith 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 2 1/2. .Based on this comparison of the exact Meyerhof result and

approximate Nikitin result at large x, we use

- =1 o
W= (l+ e2x(1 cose)) (2.15)
for all values of x 2 1/2 and x(I+cos6) = 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

%

W = o
o, + 0,

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

bound orbitals respectively. This definition assumes that all of the

20

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 givesbthe general

vacancy-sharing formula
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91 _ o-2x(1-cos8)

5, (2.16)
~ The only undefined parameter in Equation (2.16) is 6 and hence
more ingight into its physical significance is necessary. In Nikitin'
most geneial 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,
¢, cos 8/2 sin 9/2 ¢10
= ‘ (2.17)
%, -sin 6/2  cos /2 | | ¢,
where the ¢g are the initial states and the ¢i are the final states
on the other side of the nonadiabatic region. If the initial states
are both 1ls 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 6 = w/2. For two
dissimilar atomic states becoming molecular states, 6 can take on any
value between 0 and .
A more physical interpretation of 6 is also given by Nikitin.
He solves for the energy ievels throughout the nonadiabatic region by
diagonalizing the Hamiltonian matrix in Equation (2.8). This gives
- the energy splitting at the center of the nonadiabatic region in terms

of 6 as

MR) = 2 sin 6/2 . (2.18)

S
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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. q = 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 Xocbach 1975) which treats the bound
electron from a quantum mechanical point of view but treats the incoming
particle classically. The thitd approach is the Binary Encounter

Approiimation (BEA) (Gryzinski 1965, Garcia 1970, Garcia, Fortner and
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Kavanagh 1973, and Hansen 1973). This approach treats both the incoming

particle and the bound eléctron 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™ where n &5 for projectile
velocities much less than the semiclassical electron'velocity
Vg = ¢§T;7ﬁ;-l 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

2 = 2
UK OgeA = Z1 £(E/AU,, A) (2.19)

where UK is the K-shell binding energy, Z1 is the projectile charge,
A‘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/AUK s 1, but at lower
values of E/AUK 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 defleetion of the projectile. Since this

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

effects need to be taken into account.
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°2 . Calculation

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

Coulomb excitation vacancy-production cross sections for the 2pc

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

1/2 be substituted for the K-shell

= 2 2
and a Zeff = 1/2 (Z1 + Z2 )
separated atom binding energy and projectile Z in the BEA scaling law
given in Equation (2.19). This. procedure is known to pro&uce excitation
cross sections that are.large by factors of two or more, but is the

best calculation procedure available at this time.

olso Calculation

Anholt and Meyerhof (1977) have préposed a semitheoretical
method for calculating Coulomb excitation vacancy-production cross
sections for the 1so 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 o
can be written in terms of the equivalent proton induced cross section

Gpas
_ . | vzen 12y, vp)
02V = YR I [T T

(2.20)

where n is a parameter that depends only on ZH (or UK) and vé. The
parameter n is determined by a polynomial fit to experimental data of
n plotted as a function of 7 = JZme ZH2 VR/UK. Experimentally, it is

not easy to measure direct Coulomb excitation cross sections for
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léo vacancy production in nearly symmetric (U, > U ) collision

>U
K Ty
systems. This results because 'the vacancy~sharing process from the
2po molecular orbital dominates 150 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

(UKL < ULH) collision systems where Coulomb eicitation is known to
dominate lso 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 ElO (md Q, £) (2.21)

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

in a head-on collision and E1 is the ekponential.integral of order

0
10. The quantity € 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 eipression
UCzyzy) - U(zy) n

U(ZH) J 9

€ = 14+ (2.22)
This expression is based on the experimentally determined n rather
than the theoretical ekpression for £ given in the original derivation

of Basbas et al.



26

Anholt and Meyerhof have also given consideration to the fact
that the electromns 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 diﬁergence of the j = 1/2
eigenfunctions near the origin.' Bang and Hansteen (1959) proposed

the multiplicative relativistic correction factor

R(1,Z

H, VR)

2
. U [1 ¢ e I %;%¥ Q] C(2.23)

1/2, ay is the K-shell radius, and

" = = _ w27 2
where Q = 9, 3gs Y = 1-ao ZH )
o = 1/137 which Anholt and Meyerhof have incorporated directly into
their 1so calculation.

When all of these correction factors are put together the

cross section for lso excitation is

- | U (Z*1) |7 C(2p 2 vR) R(Z05%Vp)
. 2 |_K'H L’°H’ R L R
cK(ZL,ZH,vR) = op(ZH,vR) ZL UK(ZH+ZL)J C(I’ZH’VR) R(I’ZH’VR)

(2.24)

where UP(ZH,VR) is the experimentally medasured proton excitation cross
section. 1If theoretical proton cross sections are used this expression

reduces to
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th (%@ 1°
Ox(ZysZyVR) = Oy (GypoVR) 2y, U (Zrzy| CCu i 'R) RO 2y V)

(2.25)

Dynamic Molecular Model

Before considering how all of these excitation mechanisms £it
into the molecular picture of Figure 1, we have to address the
possibility of quantum mechanical interference between these three
processes. Interferencé between the Coulomb excitation process and the
rotational and radial processes will be small because the final states
of the Coulomb excitation process are moleculﬁr continuum states while
the final states of the molecular processes are bodnd 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 rotas-
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 2pm - 2pg - lsg 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 Wy indicating the vacancy-transfer probability between the
1so and the 2pc molecular orbitals, Wy L indicating the 2pg and 3do

molecular orbitals, and Wy indicating the vacancy-transfer probability
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UNITED ATOM _ SEPARATED ATOM

" BINDING ENERGY

Figure 4. Single-electron correlation diagram indicating the major
inner-shell excitation mechanisms--Coulomb excitation
(C1 and Cz), rotational coupling (RI and Rz), and radial
coupling (wl, Wos and WK-L)'
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between thé 2pm and 3dm 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 Rl_(an - 2pag) an& R2 (3dw - 3dao)
respectively. The Coulomb excitation mechanisms are denoted by Ql and
C2 and represent direct excitation of electrons from the lso and 2po
molecular orbitals to continuum states.

To consider the possible ways to obtain an éxcitation in either
the lsL or lsH atomic states after a collision, we define °2po as the
cross section for vacancy production in the 2pc molecular orbital via
the 2pm - 2po maﬁifbld, Og.L 28 the vacancy-production cross section

into the 2po molecular orbital via w, ., and Ocy 38 the direct Coulomb

K-L
excitation cross section for the 1so molecular orbital. The total
cross section for vacancy production into the lsL atomic state can

be written in terms of these quantities as

GlsL = (1 - wl)a2po + Oy p + WOgp - (2.26)
Similarly for the lsH atomic state
O °2pc Wy o+ oc1(1-- wl)" (2.27)

H
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These expressions assume that w and W, are only important on the

K-L
outward part of the collision. This should be the case for collision
partners with Z 2 10 because .no vacancies are available in the 3do ard
2po states during the first half of the collision. Taking the ratio

of Equations (2.26) and (2.27) gives

o .
15 % _ Oppg ¥y * Iy (W) 2.28)
%1s, %L ) Tpe * %L Y ¥ %y
For the K-K  vacancy-sharing processes we are considering,
O-L 2 ¥ I << O
Thus, Equation (2.28) reduces to
g g
g o-2lxl + 2 ' (2.29)
L 2po

after the substitution of the Meyerhof result for Wy from Equation
-(1.1). We see from Equation (2.29) that if the radial coupling term
e'zlxl can be made small enough then it would be possible to observe
the effects of the term containing the direct 1lso cross section.
Experimgntally, there is another process that can lead to
vacgncy‘production in the target atoms. It is possible to produce
K-shell vacancies in target atoms by interaction with recoiling target
atoms as suggésted 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. bThus, for heavy targets, the target-recoil effect may
compete with direct 1so excitation. Defining the target-recoil cross

section as

(2.30)

where YR.istthennumber of vacancies produced from target recoils, N is
the target atom number per area and Io is the ‘incident ion flux, and

inéluding this new possibility in Equation (2.29) gives

o2 g + O
= = e2lxl e (2.31)
L 2po

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

2 2
s | 4% e

ao* =~ 4 E

1
sin% 0/2

(2.32)
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where Z1 and Z2 are the projectile and target charges, ECM is the
center of mass collision energy and 6 is the center of mass projectile
scattering angie. Assuming a thin target of nt atoms per cm?, the
yield of incident particles scattered into the center of mass solid

angle dQ* is given by

dr, = I nt ao* . (2.33)

dQ*

where Io is the incident beam flux. There is a one to one corre-
spondence between the number of beam particles scattered into dQ* and
the number of recoil particles scattered into the center-of-mass-recoil
solid angle dQ'. Thus, the number of recoil atoms scattered into o'
is just

do

dYR = I nt 3o% ae* . (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 dQ' is

av, = av, TEEEE gy (2.35)

where 7 is laboratory recoil angle and-o(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 € as

cos L = sin 0/2 . (2}36)
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The recoil energy can be written in terms of the incident laboratory
energy EL, the projectile and target masses my and my, and @ as

4 m1 m,

L (_m;Tm_z)- sin? 0/2 (2.37)

ER=E

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

a(E) = AE (2.38)

where A and 2 can be determined by the slope and intercept of a
log-log plot of o(E) versus E.
Substituting Equations (2.34), (2.36), (2.37), and (2.38) into

Equation (2.35) gives

2
. 2 . 2 L
a1 2t Ak e Gpmp)” | R %3 /2 gor
v: ' T2 Am, E L .| S .
: 2 L (m1 + mz)

(2.39)
Integrating Equation (2.39) over dQ* gives the total vacancy yield
from the target-recoil process. Substituting this yield into

Equation (2.30) noting that N = nt gives

2-1 m £ m,2-2
24 mt 242 1 2 2-2
o, = === (2.2,%)% A — E . (2.40)
R 22 1 172 (ml + m2)2(2 1) L

Quasimolecular'czpd Calculation

Within the quasimolecular picture there is a second mechanism

besides Coulomb excitation which can produce vacancies in the 2po
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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 £(v) will have a vacancy in the 2pL atomic state. When one of
this fraction has a collision with a target atom it is possible to
transfer this vacancy from the 3dm to the 2pm molecular orbital by
radial coupling during the first half of the collision. The probability
for this transfer is Wy. During the united-atém portion of the
collision this vacancy can be rotationally transferred from the 2pw
molecular ofbital to the 2poc. molecular orbital via Rl'

The total cross section for this process is given by Meyerhof

. et al. (1977) as

. f(v) w, o
- 2 “Rot
OZPO’ = _..__3__.._ (2.41)
where ORot is the 2pw - 2Zpo 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

2x'. -1

)

£
[}

1l+e

: (2.42)
1/2 1/2
V2 T (IH - IL )

Yym Vv

2x! .89

1]

where IH and IL 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 Opot SaN be calculated using the previously mentioned

t
scaling relation of Taulbjerget 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 £(v) will be
a major contributor to the equilibrium charge state of the beam as

it transverses the target. Thus, multiple vacancies in the ZpL state
are likely. Estimates of £(v) can be made using the equilibfium

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 meaéured x?réy yields require accurate knowledge of the
fluorescence yield (w = fadiative decay rate/total decay rafe) of the
state under coﬁsideration. 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

'fhctors 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,
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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 n,
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/no. The same is.true for electrons involved
in the radiétive 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(n-l)/nO(no-l).

We have done similar calculations for the K shells of Ar, Cl
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, KLM1 and
I(LMZ,3 Auger rates; the sum of the Ka and KB 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 Cl
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Table I. Calculated fluorescence yields for Ar, Cl, and Al with various
L-shell defect configurations.

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

Defect A Axiy, AKLMz’s ZApad  TlApag*aug)
Configuration (x10-"au) (x10-*au) (x10-"au) (x10~*au) (x10~"*au)

- Ar[1s] 169.0 10.2 25.0 28.4 232.6  .122
Ar[1s2p3p°] 126.8 8.9 10.9 22.8 169.4  .135
Ar[1s2p23p°] 90.5 7.7 9.4 18.5 126.1 .147
Ar[1s2p>3p°] 60.4 6.4 7.8 14.2 88.8  .160
Ar[1s2p*3p3] 36.2 5.1 6.3 9.8 57.4 .171
Ar[1s2p°3p°] 18.1 3.8 4.7 5.5 32.1 .171
Ar[1s2p°3p°] 6.0 2.6 3.1 1.2 12.9  .065
Ar[ls2s2p3p>]  90.5 7.7 9.4 22.8 130.4  .174
Ar[1s2s2p%3p°]  60.4 5.1 6.3 14.2 - 61.8  .230
Ar[1s2s2p°3p°]  36.2 6.4 7.8 18.5 93.1  .199
C1[1s] 164.0 7.89  16.4 22.4 210.7  .106
c1[1s2p3pt] 123.0 6.9 5.7 18.0 153.6  .117
c1[1s2p%3p*] 87.9 ' 5.9 4.9 14.5 113.2 128
c1[1s2p°3p*] 58.6 4.9 4.1 11.0 78.6 .140
c11s2p*3pt 35.1 3.9 3.3 7.6 49.9 .152
c1[1s2p°3p*] 17.6 3.0 2.5 4.1 27.2  .151
c1[1s2p%3pY 5.9 2.0 1.6 0.6 10.1 .09
Al[ls] 110.0 4.14 .3 5.38  119.8  .045
Al[1s2p3s23p°]  82.5 0 0 4.43 86.9  .051
AL[1s2p%3s%3p%]  s8.9 0 0 3.54 62.4  .057
A1[1s2p>3s23p%]  39.3 0 0 2.66 42.0  .063
a(is2p?ss®p®] 236 0 0 1.77 25.4  .070
AL[1s2p°3s%3p%]  11.8 0 0 0.89 12.7  .070
AL[1s2p%3s23p%] 3.9 0 0 0 3.9 .000
AL[1s2s2p235%3p%] 39.3 0 0 3.54 42.8  .083
AL[1s2s2p33s%3p%] 23.6 0 0 2.66 2.3 .10l
AL[1s2s2p?3s23p®] 11.8 0 0 1.77 13.6  .131
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are very close to the accepted values given by ﬁambynek et al.
[uk(Ar) = ,122 and wK(Cl) = ,095] but that of Al is much higher than
the accepted value DnK(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, wép 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 Fortﬁer et al., 3d electrons are present. Their
calculations indicate that sequentially removing 3d electrons has very
little effect on w2p until six or more electréns have been removed.
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,
w2p decreases. When all of the 3d electrons are gone the situation
is that of the Ar L shell and w2p 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 caée 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 reméved, 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
nunber 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=3/2and 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 Zp:,,/2
state, both the 3d3/2 and 3d5/2 states contribute to the Auger and
radiative rates. Hence the previous arguments govern the vacancy
dependence of W, 3/2.

For the 2p1/2 state, only the 3d3/2 state can contribute to
the radiative rate because of the electric dipole selection rule
AT =0 of *]1. However, both the 3d3/2 and 3d5/2 electrons contribute
to the Auger rate. The removal of y 3d3/2 electrons will reduce the

radiative rate by n/no = y/4. Since the spin-orbit splitting of the
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3d state is small, the probability of removing a 3d3/2 electron should
remain the same as the probability of removing a 3d5/2 electron. Thus,
whenever y electrons are removed from the 3d3/2 subshell, statistically
1.5 y electrons are removed from the 3d5/2 subshell. The removal of

(1 + 1.5)y electrons reduces the Auger rate by n/no = 2,5y/10 = y/4,
ieaving dbp unchanged. These statistical arguments indicate that

1/2
the previous vacancy dependences should also be good for “bp .
) 1/2



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
vby 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 teiminal voltage
by increasing or decreasing the corona leakage current. When the beam
hits the upper slit the voltagé 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..

41
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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 (Cl) or argon (Ar) gas is used in the ioh
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 déubly aﬁd 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 (SiH4) 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 A; exit

channel in the ion source.

Gas-Target Chamber Description

The gas-target chamber used in these experiments'was designed
and engineered to 1) provide a gas-target region capable of target
densities mucﬁ'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, wiﬁhout pinhole leaks and approximately
500 ug/cm?, were mounted with a radius of curvature of approximately
0.5 cm over a 0.1 cm® 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 greafer than one
atmosphere.

The introduction-of this Ni foil into the beam path results
inl)al 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 consideringnthe
performance of this chamber.

The capability to absoluteiy 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 Al K, x rays produced. Ideally, this quantity should only
depend on the incident energy of the ions at the Al and on the number
of incident ions. Thus, if the number of Al Ka X rays per incident
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.;s based on the fact that the
total x-ray yield in the Al is essentially independent of any vacancy
preparation of the beam prior to the Al normalization foil. To
illustrate this for solid targets, where multiple-collision processes
dominate inner-shell vacancy production, consider the state-vacancy

fraction

44
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= average number of state vacancies per particle
£ (3.1
maximum number of state vacancies per particle

in the projectile state that, via another collision, can produce the
observed facancies in the solid stopping target. For example, the
solid-target and projectile collision systems described by the
correlation diagram in Figure 4 receive ls 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 projectileslwill have an initial state-
vacancy fraction fﬁ that contributes directly to the observed solid-
target x-ray yield.

When f is a major contributor to the equilibrium éharge
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 ug/cm? into the solid target. Thus, the initial
state-vacancy fraction fb will only contribute to the observed x-ray
yield during the first ug/cm? 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 (feq) a
small distance into the solid target is always greater than or equal
to fo' For small distances into the solid, the beam energy and féq
will be constants and hence the bbserved x-ray yield per ug/cm2 will
be constant. Applying these results to the first 10 ug/cm? of

projectile range in the solid target indicates that the x-ray yield
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due to £ will be less than 10% of the total obsexrved x-ray yield.
The total range of projectile ions with MeV energies is always greater
than 100 pg/cm? and although the x-ray yield per ug/cm? decreases at the
end of the rahge, the effect of fo on the total k-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)

%

£(x) = %ps [1 - e-nsosx] + £ e-nscsx (3.2)
where © s is the vacancy-production cross section; ng is the target
atom density; and og is the sum of Obs’ the collisional de-excitation -
cross section Oug? and the decay cross section l/nsvT. When there
. is no gas in the chamber, fb = 0 because any vacanqies contributing
© to fo decay before reaching the normalization target.. When gas is in

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

expression similar to Equation (3.2)

o
£ = Pg - (3.3)
o obg + ocg + 1/ng v T

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

term in the denominator of Equation (3.3) is approximately 10~!3cm2.

This is orders of magnitude larger than any reasonable estimates of

g or O'C

g Thus,

g.

fb 2 ofg ng v T.. (3.4)
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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

g..n
X = Efﬂijfi vVT. (3.5)

Ps s

We have already shown that if the initial beam preparation is
unimportant after 1 ug/cm? of projectile range, then the x-ray yield
will be sufficiently independent of the initial projectile preparation.
This implies that we want xp = 1 pg/cm® where p is the solid target
density. Substituting this inequality into Equation (3.5) yields the

inequality

- o, n
1(ug/cm?) = PE_E& 1 (3.6)
. T Ops s

which must be satisfied to guarantee the unimportance of the initial
beam preparation. Typical upper limits for some of these parameters
are T = 10~** sec, v =5 x 10%m/sec, p = 20 x 10°ug/cm?®, and ng/ns

= 10”*. Substituting these quantities into the Inequality (3.6) gives

=1 .
apg. 00 °§s (3.7)

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
unéontrollable 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 paéses into the interaction region, which is iﬁdicated 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 Al 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 ug/cm? 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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The particle detector, situated at an anglé 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 (m1 and mz) and the laboratory projectile scattering

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

{1968) as
E m, 2 m,)? 12 |*
2 .
Bt T vt (e - s -8
0 1

where EI/EO 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 Io is given by

I = I (3.9)

N S (B,*,0) dax

7

where N is the number of heavy target atoms per area, é%;—(ﬁo*,e)
is the differential Coulomb scattering cross section in terms of the
incident center of mass energy Eo* and scattering angle 0, and dQ*

is the center of mass solid angle subtended by the particle detector.
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The details of this calculation along with a sample calculation are
given in Appendix C.

Measuring the number of incident ions and Al Ka x-ray counts
at a variety of incident energies generates the normalization curve
of x-ray yield per inci&ent ion as a function of the incident energy.
Figure 7 shows this normalization curve divided by 4m for incident Al
ions iﬂ 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 windok.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 fhé Ni window in place, either the determined Al x-ray
yield ié 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 () 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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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 Eo. The Coulomb scattering process,
being proportional to I/BZ, selectively favors the low energy portion
of this energy distribution. The x-ray froduction process has an
approximate enérgy dependence proportional to Ez. Our experimental
observations indicate 2 < & < 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 Eo.

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 (PI) was measured to be 102 keV, independent of the
incident particle energy. With the Ni foil in, the total widths (FT)
were determined as a function of energy and the straggling widths

were calculated as

Iy = M2 -T42 | (3.10)
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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 Al ions was determined to be
6.5% of the Al ion energy lost in the Ni foil. At the highest

energy (2.5 MeV), the width was determined to be 10% of the Al ion
energy lost in the Ni foil. Between these two limits, the percentage
varied linearly as a function of Eo. 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 Eo 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 i/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 iack 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, theé 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.
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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 funétion 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 ug/cm® 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 vieﬁ 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 collim;tors 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 Al normalization

foil at D are not observed. The Si(Li) detector is sensitive to
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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 Cl beams), than the energy lost
in the Ni is also determined by calculations using the range tabulations

of Northcliff and Schilling.

Solid-Target Chamber Description

All of the solid-target results presented in this work involve
only the meésurement 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.
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Figure 10 shows a schematic diagram of the basic components
of the solid-target chamber. The ion beam enters from the left,.
passesAthfough 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 atomg. The lifetimes
of the inner-shell states produced are less than 10~!“sec. At our
projectile velocities of approximately 10%cm/sec, all the interesting
vacancies decay within 10~%cm 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 (BaClZ). ‘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

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

2 of carbon on a Creme Cote substrate were used in the vacuum

6 ug/cm
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 ug/cm?® and 27 ug/cm? 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 numbér
produced in the Sn and Sh.

Yittrium (Y) targets were also impossible to produce without
a carbon backing. When thin (6 ug/cﬁz) carbon backings were tried
the targets were still impossible to mount. By using a 32 ug/cmz
carbon backing, 46 ug/cm? Y foils were produced. Unfortumately, 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 ug/cm? 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 ug/cm® and 133 pg/cm?
thicknesses were produced and used in this experiment. Alvfoils,

17 ug/cm?, were-produéed and used in the Ar on Al experiment..

Contaminations in the Al foil were found to cause extra Ar counts 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 amalysis of these Al 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 en?rgieS'greater than 2 MeV. Below
this energy, the ﬁncertaihty in the correction becomes greater than

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

Data Collection Electronics

fhree 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 configuratioﬁ consists of a

lithium-drifted silicon Si(Li) x-ray detector and an intrinsic
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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 iegistering 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 feé&back 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 iespective 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



66
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 multichannél analyzer that
signifies the system in the data acquisition mode.. Thus, the left
counter keeps track of the total rum .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 de;d time due to pile-up was always less than one pe?cent 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 thé 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 multichamnel 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
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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 quantuh number'n. Since we are only concerned with initiai
vacancies in the K (n=1) and L (n=2) shells, only electric dipole |
transitions to these initial states will be considered.

Figure 12 shows all of the possible electrié dipole transitions
to the 1ls, 2s (Ll subshell), 2P1/2 (L2 subshell), and 2P3/2 (L3 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 Jf = Ji = 0) and
are labelled with théir historical designations. Transitions involving
changes of An & 3 are not indicated because they have small oscillator
strengths and are not 6bserved. The oscillator strengths of the
indicated transitions vary and consequently not all of these transiéions
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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Figure 13. The two lowest energy peaks are the K, (Ka + Ka ) and
1 2
g, * KB ) transitions in Ar. The next four peaks are the
1 2 .
La (Lo‘1 + Laz), LBI, LBZ, and LY1 transitions in Xe. According to the
transition diagram, the Ka and KB peaks are both due to radiative

KB (X

transitions to vacancies in the 1s state. The sum of the areas under
these two peaks is needed to obtain the number of 1ls vacancies produced
in the Ar beam. The La and LBz transitions are both due to radiative
transitions to vacancies in the L3 subshell. The sum of the areas
under these peaks is needed to obtain the number of L; subshell
‘'vacancies produced in the Xe. Laftly, the L61 ;nd LYl transitions are
due to radiative transitions to vacancies in the L, subshell. The sum
of tﬁe aréas ﬁnder these péaks is needed to obtain the number of L,
subshell vacancies produced in the Xe. No transitions are observed
that fill vacancies in the L1 subshell because the interaction that is
creating the vacancies selectively favors the L2 and L3 subshells over
the L, subshell.

The lower half of Figure 13 shows a proton-induced.Xe X-ray
spectfum. All of the Xe tramsitions induced by the Ar projectiles are
observed plus the LB4 and LY2 tfansitions to the L1 subshell. This
observed population of the L1 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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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 areé 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 (enexgy)
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
standérd 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 piogram).

Gauséian 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.
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The Al 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 a}uminum 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 Al K-;-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. Howevér,
the final particle norﬁalized 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 sfate, this yield must be converted to
the total immer-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)

o

where Ioiis‘the initial intensity, I the final intensity, u the mass
attenu#tion 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 ﬁith Z=1to Z =94 and x-ray energies froﬁ
.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 systéms 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 (W) for each particular x-ray traﬁsition. The observed range
of the x-ray energy shifts determines the uncertainty in u. 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 W.. Combining this uncertainty with the quoted absolute

uncertainty gives the total uncertainty in U as

& o= Yu)Z + Bz . (4.2)

The absorber thicknesses have been determined by weight and

area measurements for all of the solid absorbers except the Be entrance



Table II. X-ray energy shifts used to calculate mass attenuation
coefficients for x-ray absorption corrections.

Transition Range of Measured Mean Shift and Uncertainty Used
Designation Shifts (ev) in Absorption Calculation (ev)
Ka ' 10 - 50 30 £ 20
KB 60--.100 80 = 20
La 10 - 50 30 £ 20
L 10 - 50 30 £ 20
B
L 60 - 200 130 £ 70
By
L 60 - 200 130 £ 70
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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'factofy 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 .

+ Ap,?
A.I—I-= ux—--\/iAx 2 . (4.3)

Hz

The total absorption for multiple absorbing media is written as the

product of the individual absorptions

n
+ = E |4 (4.9)
o i=1l {70 i

where n is the number of absorbers. The uncertainty in the total

absorption is given by

‘n AVT_J.

ATI— = Ii z s . (4.5)
(o} i=1 'T- !
o/i

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
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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 ﬁe 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 noﬂ;adiative Coster-Kronig process
can promote additional vacancies into the L, and L3 subshells from the
L1 and L2 subshells. Since we are interested in the collisionally
induced vacancy distribution, consideration must be given to this
additional redistribution process.

C&nsider the correlation diagram of Figure 3 for swapped
collision systems. Vacancies, produced in the 3do molecular orbital,
are shared between the 1ls 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 thé'vacancyétransfér 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 collisionally induced vacancy
distribution among the L subshells should fhvor'the lesubshell over

the L, and L2 subshells and the L2 Subshell over the L1 subshell.

1
This behavior is experimentally verified in the next chapter for the
L, and L3 subshells. ‘Combining the observed vacancy yields with the

neutral -atom Coster-Kronig transition probabilities givem by
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Bambynek et al. (1972) indicates that the observed Lz-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 L, subsheli 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 détermination of the parameter
6 given in Equation (2.16).

When the K and L shells are not swapped, the correlation
diagram in Figure 2 indicates that the 3do molecular orbital correlates
to the L1 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 L, and Lg subshells. Thus,
the number of initial vacancies produced in the L, 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 ls states of
the light and heavy collision partners. The total emitped X-ray yield'
into the Si(Li) detector from either Ka transition is T7TI£;%1T! where
Y(Ka) is the observed Ka x-ray yield and I/Io (Ka) is the absorption
fraction from the target to the detector crystal. Similarly the KB

' Y(K3)
. s . B . R
emitted x-ray yield is . The total vacancy yield H is found
I7I° (KB) ‘



by summing the detected x-ray yields and dividing by the fluorescence

yield of the state to give

Y(Ku) Y(KB) 1
H = —T—-(K—)- + —-?-IE—)-— m const. (geometry) -
Io o Io o8 (4.5)
Y(KB)
Defining r = Yy gives
o
[ 1 1
H = Y(K) |— + = (4.6)
I_ T &) &

Experimentally, the Ku. and l(B yields are integrated together and are
given by Y = YK (1 + r). Multiplying and dividing Equation (4.6) by
o

1 + r gives

1
H = Y + ==Y 4.7
(1+1) TI‘ k) IL (k) ) AD
o o
I
where A = (1 + 1) Io .
T (KB) + T (K )
The quantity that we wish to plot is the ratio
o} Y w, A
R = =8 = - Y e T 1 (4.8)

o, H =~ Y oA

where the L and H subscripts denote evaluation of the quantities for
Y
'the llght and heavy atoms respectlvely. We define X = ?ﬂ and
L
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I

el

statistics in the Si(Li) detector while the uncertainty in Z is

Z The uncertainty in X is determined by the counting
systeniatic 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

Ay )% [y, )2
R o= R+ (4.9)
H L .

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

AA 2 "
AL_] + [TH (4.10)
L) H)
, 2 2
B i I rA _I'I— (Koci)
Kyi) T (Kgy) + 15 7~ (Ky) °
o o ]
1 -| : I : 1
1 CA
+ - A =— (K,:) + | e
I 1 I I Bi 1+,
T (KBJ.) T; (KBi) + T _I: (Kou.) o i
I-I— (Ku.i) z
1 > i [Ari.]2
K (KBi) + :.'-'i ‘f‘o‘ (KBi)
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Part of the Al 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 Al and Ar x-ray yields by factors
of 10*% 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 Al 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 + KB)
x-ray yields for Al and Ar in the 0.25 mil Be. These values were
determined to be 9.43 * 0.19 x 10~"* for the Al 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 uséd to correct
for the 0.25 mm Be absorption for both sets of x rays atlall of the
interaction energies.

The C1 on Ar K-K vacancy;Sharing data required a.special
analysis procedure because the Ar K, and C1 KB transitions could not

be resolved. These two x-ray yields have been separated by assuming

that
Tc1
T = neutral atom value . (4.11)
Y(C1 KB) Y(Ar KB)

where Tey = ?TEI_E;T and Ty = YTKE-E;T and measuring the Cl Ka yield,

the Ar KB yield, and the combined Cl K, -Ar Ka yield.

B
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Tables III through VIII indicate the results of this analysis

for the collision systems Cl on Ar, Ar on S, Si on Ar, Al on Ar, Ar on
Al 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.

Al -+ Ar Cross Section Analysis

The calculation of the absolute cross sections for vacancy
production in the 1s states of Al and Ar requires the use of the
normalization curve for Al ionms discussed in Chapter III. To determine
the number of incident particles, the beam energy at the Al foil (EN)
must be known. This energy is célculated.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.fbil 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

Al normalization foil is converted into a normalization x-ray yield/
Y

incident ion. TH' and its uncertainty using the experimental
0} E=E
curve in Figure 7. Using this result, the number of Al and

Ar 1s x rays observed in'the Si(Li) detector Yi per incident ion Io is

Y. Y. (¥
S [-Iﬁ] (4.12)
o N o E=EN .

L]
G
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Table III. Measured K-K vacancy-sharing ratios, R, for mass 35 and 37
Cl projectiles incident on a gaseous (10.12 x 10~"“atm)
Ar target.
This includes the interaction emergy, |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 lxl Projectile 7 R
Energy (MeV) ' Mass
.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 £ 0213 .3789 £ ,0105
12.358 £ .168 .395 % .003 35 .7026 £ ,0212 .3939 £ .0113
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Measured K-K vacancy-sharing ratios, R, for Ar projectiles
incident on a hydrogen sulfide (HZS) 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 Target Pressure -2
Energy (MeV) x| (1.012 x 10~ "atms) Z Rx10
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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Measured K-X vacancy-sharing ratios, R, for Si projectiles

Table V.

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 Target Pressure _ -5
Energy (MeV) x| (1.012 x 10~ *atms) Z Rx10
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 Al 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 le Target Pressure 7 R x 10~
Energy (MeV) (1.012 x 10™*atms)
.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£.457)E-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 (3.124%£.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
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Table VII. Measured K-K vacancy-sharing ratios, R, for Ar projectiles
incident on an Al 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 -3
Energy (MeV) |x| Z R x710
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 L7146 £ ,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 -3
Energy (MeV) x| Z Rx10
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 Al or Ar. The uncertainty in this quantity

is
/ 2
Y Y AY.)? Ay, )2
ALt = 2 S IR | . (4.13)
I I [Yi,] [YN

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 (19?3). No uncertainty is propagated for‘fhe
fluorescence;yield correction which will be discussed later. The
absorption uncertainty is propagated as indicated in Equation (4.10).

‘To cénvert the resultant vacancy yields to cross sections for

1s vacancy production, we use the relationship

- 2
Hi = Nci;ﬁ (4.14)
where Hi is the vacancy yield, N is the number of target atoms per
area, ) is the detector solid angle, and o 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 o gives

O'i = e (4.15)



N for the gas cell is given by
s |
N = ot + (4.16)

~ where bis 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 = At N. . (4.17)

The solid angle subtended by the Si(Li) detector is just given by
= A .

Q = RT (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 { is

M - Q\KAAA}Z - (2 (4.19)

The relative uncertainties for different measurements of o; 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

Aoy = oi\[(AY—Y]z . {A:—;‘.]z . [A_;‘.]z + (%3.]2 . (4.20)

91
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The total cross-section results are given in Table IX. The
tabulation includes the interaction energy, the target pressure, the
Ar 1s vacancy producfion cross section and the Al 1s 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,
Qe see that the rising 3do molecular orbital provides the vacancies to
be shared during the last half of the collision. The 3do molecuiar
orbital correlates directly to the ls state of the light collision
partner and according to the selection rule for radial coupling can
transfer vacancies to the 2so and 2po 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 1s
states of Al projectiles (CL) and Ar (UH) 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 o, %Y .25 mm
Energy (MeV) (1.012x10”*atms) (10-2%cm?) (10-2*cm?) Be Absorber
.994 + ,058 10 .2907 * .0581 L1591 +  ,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 L9106 £ 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
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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 L, and Ly sublevels.

The 2p state of the heavy atomic systems we are considering
exhibits a substantial splitting because of the spin-orbit inte;action.
These atomic states are best represented by wavefunctions that are
eigenfunctions of J2 = (L + S)2 and mj instead of just L2 and m . This
indicates that the molecular states are also affected by the spin-orbit
interaction and should best be represented by their'tqtal angular
momentum projection mj along the internuclear axis instead of the
orbited angular momentum projection m, . Reconsideration of Equation
(2.5) suggests the applicaﬁion of the more general radial coupling
selection rule Amj = 0 rather than Amz = 0. Since each L subshell
contains two electrons with mj = 0 and the 3do molecular orbital has
"5 = 0, the radial coupiing to these states should be the same as
expected with no spin-orbit interaction.

Only the L2_(2p1/2) and L3 (2p3/2) 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 npmber of vacancies

produced in a sublevel is given by

HL - Yi const. (geometry) (4.21)
i w, A
L. L.
11



95

where Yi is the sum of the x-ray yields emitted during the filling of

the Li-sublevel vacancies, w, is the fluorescence yield of the Li

L;

~ sublevel, and A, 1is the effective absorption of the Li-subshell

L.
i

x rays as defined in Equation (4.7) for two transitions filling the
same sublevel. The total x-ray yield can be rewritten as

Yi = YM as«+ ri) where Y, 1is the x-ray yield of the major tramsition
i

M.
i

(An = 1) to the sublevel and T, is the ratio of the minor (An = 2)

to the major transition rates. This ratio is also needed to determine
the quantity AL.‘ The gaussian fitting procedure described in

Chapter III canlnot fit the minor x-ray peak as well as the major x-ray
peak. IWhen calculating the ratio T for each target material, a large
variance was observed. In order to reduce this variance, ri was
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 coefficiénts in the expression

T, = CL. E + BL. and the uncertainties in each for both the L, and Lg
sublevels. Usi;g this information, the number of Li subshell vacancies

is given by

H, = Y, (1+r,) Sonst. (geometry)  (4.22)

i M. i
i W - AL
i Ly

The K-vacancy yield is given as in the K-K sharing analysis as

4. = y const. (geometry) (4.23)
K w, A
K K
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where YK is the sum of the Ku and KB x-ray yields, w is the K-shell

fluorescence yield and Ay is the effective absorption factor for the

K

> Kg x-Tay combination. Thus the ratio of K-shell to L-subshell

vacancies can be written as

Hp Yy, A+ A
N i K _
R=gq- = Y o A - X (4.24)
K K L. L.
i i
YMi 1+ ri) we AK
where X = ——————— and 2= ———,
} Y w, A
I Li Li

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 2
is systematic in nature. Only the relative uncertainty Ax will be

propagated to R giving

AY 2 2 2
M. Ar. AY
AR = R 1] [ .1] + [—-’S} (4.25)

where Ar, = \VE ACi)2 + (ADi)2 . The fractional absolute

uncertainty from the absorption corrections is given by

2 AA )2
az | 18 Ly
az [ K, i (4.26)
7 W s
i
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The uncertainty introduced by using neutral-atom fluorescencé 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, C1 on Sn, Cl1 on Sb, Cl on Xe, and Si on Xe. The
listings include the interaction energy, the theoretically defined
parameter x, the experimentally defined correction factor Z, the
iatio R, and the uncertainties in each quantity.

‘The uncertainties.in the interacfion 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 ungertainties in the analyzing
magnet calibration. Since x « %-, the interaction energy uncertainties

are propagated to x as

1l M
Ax =7 Tx . (4.27)

Unswapped K-L Vacancy-Sharing Analysis

Referring to the correlation diagram in Figure 2, we again
see that the rising 3do 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 L1 subshell
of the heavy atom. Radial coupling between the 3do and 2pc molecular
orbitals can transfer some of the 3do vacancies to the 2po molecular

orbital. After the collision the 2po vacancies end up in the ls state



Table X.

Measured K-L vacancy-sharing ratios, R, between the K shell of Ar projectiles and the

L2(2p1/2) and L3(2p3/2) 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 R v/ R B3| z R
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

86



Table XI.

L2(2p1/2) and L3(2p3/2) L subshells of solid Sb target atoms.

Measured K-L vacancy-sharing ratios, R, between the K sheli of Ar projectiles and the

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 ix| Z R x 107} o x| z R
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
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Table XII.

Measured K-L vacancy-sharing ratios, R, between the K shell of Ar projectiles and the
L (Zpl/z) and L (2p3/2) 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 x] z R x 1072 |x] z R x 107!
Energy (MBV) (2P1/2) (2P1/2] (2P1/2) (2P3/2) (2P3/2) (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 3.2170 * .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 £ .129 1.604 + 012 1,240 £ .050 1.8320 % .0254

001



Table XIII.

Measured K-L vacancy-sharing ratios, R, between the K shell of Cl projectiles and the
L2(2p1/2) and L3(2p3/2) L subshells of 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 107! |z| Sz R
Energy (MeV) Mass (2, /5) (2py5) (2py /) (2p5,,) (2p5/,) (2p3/,)
2.033%.020 35 3.164+,017 1.562+.068 .2693%+.0184 2.664%.013 1.534%.060 .2223%.0038
3.049+.030 35 - 2,584,013 1.562%.068  .4327+,0243 2.175%.011 1.534%*.060 .2885%,0048
3.949%.039 35 2,270%£.011 1.562%,069 .6128+,0332 1.911+,010 1.534%.060 .3365%.0062
3.949+.039 35 2.270£.011 1.562%,069 .5831+,0377 1.911%+.010 1.534*,060 .3378%.0070
5.082+.051 35 2.001£.010 1.562%+.070 .8444%,0358 1.685+.008 1.534%.060 .3569%.0059
7.117+.071 35 1.692£.008 1.561+,072 1.1540+,0480 1.424+.007 1.534+.060 .4250%.0075
7.975%.080 35 '1.598+.008 1.561%.073 1.2740+.0600 1.345%.007 1.534+.060 .4321%.0090
9.873+.099 35 1.436%.007 1.561%.076 1.4950+.0710 1.209%.006 1.534%.060 .4707+.0102
10.967+.110 35 1.362+,007 1.561%.078 1.6320+.0750 1.147+,006 1.534%,061 .4889%.0105
12.197+.122 35 1.292+,006 1.561+.080 1.5380£.0830 1.087+.005 1.534%.061 .4863+.0120
15.245%.152 35 1.156%.006. 1.561%.087 2.0590+.0830 .973+.005 1.534+.061 .4937£.0092
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Table XIV.

. vacancy y1e1d ratios.

Measured K-L vacancy-sharing ratios, R, between the K shell of C1 prOJectlles and the
2(2p1/2) and L (2p3/2) L subshells of solid Sb target atoms.

This includes the interaction energies, the projectile mass, ]xl as defined in
Equation 1.1, and the factor Z which converts the observed x-ray yield ratios to total

Interaction  Projectile  |x| z R x 107! Ix| z R
Energy (MeV) Mass 2p, ;) (2p, /,) (2py,,) (2p5,,) (2p5,,) (2p3/,)
2.033+,020 35  3.641%.018 1.431%.062 .0942%,0103 3.110+.016 1.403%.054 .1250%.0024
3.049%.030 35 2.973%+.015 1.431+.062 .1882%.0142 2.540*.013 1.403%.055 .1689+.0031
3.949+.039 35 2.612+.013 1.431+.062 .2879+.0230 2.232%+.011 1.403%.055 .1960%.0043
3.949%.039 35 2.612%+,013 1.431%.063  .2174%.0212 2.232%*,011 1.403%.055 .1904%.0045
5.082+£.051 35 2.303%£,012 1.431+.063 .3947+.0186 1.967%.010 ".1.403%.055 .2260%.0034
7.114%,071 35 1.946%.010 1.431£.065 .6104%.0283 1.663+.008 1.403+.055 .2746%.0047
.7.975%,080 35 1.838+,009 1.430+.066 .6956%.0367 1.570%+.008 1.403+.055 .2930%.0060
9.874%,.099 35 1.652+,008 1.430+.069 .8143%.0424 1.411%.007 1.403%.055 .3172%.0064
10.967+.110 35 1.568%.008 , 1.430+.071 .9370+.0431 1.339%.007 1.403%.055 .3306%.0062
12,197,122 35  1.486%.007  1.430£.073 .9337£.0546 - 1.270+.006 1.403+.055 .3408%.0081
15.245%,152 35 1.330£.007 1.430%.079 1.3140%.0510 1.136%.006 1.403%.055 .3429+.0057

201



Table XV. Measured K-L vacancy-sharing ratios, R, between the K shell of Cl projectiles and the
L2(2p1/2) and L3(2p3/2) L subshells of gaseous. (10.12 x 10~"* atm) Xe target atoms.
- This includes the interaction energies, the projectile mdss, |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 107!
Energy (MeV) Mass (2py /) (2py /) (2py /,) (2p3/,) (2p5,,) (2r5/,)
1.867%.085 35 5.323%.121 .8043%.0363 .0642+,0089 4.659+.106 .8113%*.0359 .1466%.0029
2,394%.094 35 4.701+,092 .8042%.0364 .1151+.0148 4.114%.081  .8113+.0359 .1975+.0045
2.892+.102 35 4.277£.076 .8041%,0366 .1700+.0185 3.743%£.066 .8113%,0359 .2583%.0058
2.977+.092 37 4.335+,067 .8041+,0366 .1410+.0213 3.794+.059 .8113%.0359 ,2574%.0063
3.799+.117 35 3.732%,058 .8040%.0369 .2968%.0259 3.266%.050 .8113%,0359 ,3755%,.0079
3.896%.105 37 3.789+,051 .8040+.0369 .2784%,0243 3.316%.045 .8113%.0359 .3523+.0074
4.667+.130 35 3.367+.047 .8039+.0373 .5058%.0271 2.947+.041 .8113%.0359 .3869%.0066
4.763%.115 37 3.427+.041 .8039+.0373 .4796%*.0246 2.999+.036 .8113%,0359 .4020%,.0072
5.609+.140 35 3.071+.038 .8037+.0378 .7692+.0300 2.688+.033 .8113%.0359 .4685*.0076
5.690+.123 37 3.135+.034 .8037+.0378 .6205%.0260 2.744£.030 .8113%.0359 .4679+.0078
6.699%.146 35 2.810+.031 .8036+.0383 .9624%.0379 2.460+.027 .8113%,0359 .5644%,0097
6.755+.129 37 . 2,878+.028 .8036%,0383 .9006t.0328 2.518+,024 .8113+,0359 .5398%.0086
9.064+.153 35 2.416%£.020 .8033%+,0397 1.3950%,0633 2.114+,018  ,.8113+.0590 .7006%.0140
10.794+.168 35 2.214+,017 .8030+.0414 1.6200+.0769 1.938+.015 .8113%.0359

.7699%.0161

201
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Table XVI. Measured K-L vacancy-sharing ratios, R, between the K shell
of Si projectiles and the L (2p3/2) L subshell of gaséous
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 107"

Energy (MeV) (1.012 x 10~ 'atms) (2p3/2) (2p3/2) (2p3/2)

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 % .09% .2317 * ,0205 6.5400 * .4350
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of the light atom. As indicated earlier in this chapter, the L1
vacancies are lifted to the L2 and LS subshells via the Coster-Kronig
process. Experimentally, the x-ray transitioms 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,

p. 721)

v, = N,

V, = Ny o+ £, N, (4.28)
and Vg = Np+ £, Ny + (£55 + £, £53) Ny

where Vi and Ni are the final and initial number of vacancies in the
Li subshell and the fij are the Coster-Kronig transition probabilities
for shifting a vacancy from the Li sublevel to the Lj sublevel. Since
all of the initial vacancies come into the L1 subshell, Ny, =Ng = 0.

Thus,

<
n

vV, = f12 Nl’ (4.29)

and vV, = (f13 + f12 fZS) Nl'
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The x-ray yield from the Li sublevel due to the Vi vacancies is just

Yi = -Vi wLi ALi const. (geometry) (4.30)
where mL is the fluorescence yield of the Li sublevel and AL is the
i i

absorption fraction for the x-ray transitions into the Li 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 Li
subshells in these elements is the order of .0l1. Thus, only the

An = 1 radiative transition to each sublevel will be considered in the

absorption correction factor. Thus AL = i£-(Li).. The total x-ray
i o

yield YL is just the sum of the individual yields. Summing Equation

(4.30) over all the L subshells gives

- I 1 L
Yo = Ny T (L) + Ny £ 7 (L) + Ny oy () 5+E,,5,5) 17— (L3)
1 0o 2 o 3 o
1

const. (geometry) ° (4.31)

Solving for the number of initial vacancies in terms of the total
x-ray yield gives

Y, const., (geometry)

HL = N1 =

I I I
w, s (L;) +w £, (L) +w (£ +f_ £ .) — (L)
Li I° 1 L2 12 Io 2 L3 13 712723 Io 3

(4.32)



The number of vacancies produced in K shell of the light atom is

given as in Equation (4.23) as

YK const. (geometry)
H, = (4.33)

K
we A

where YK is the sum of the observed K, and KB x-ray yields, Wy is

the K shell fluorescence yield and AK is the effective absorption
fraction. Combining Equations (4.32) and (4.33) give the vacancy
ratio R as

| I I
w, = (L) +w £f.,-—(L,) +w (£, +f,£,,) < (L,)
. HK ) YK Ll Io 1 L2 12 Io 2 L3 13712723 Io 3

Y

L L’ ' Wy AK

(4.34)

YK
Defining X = ' and Z =
L

be divided up into a term X whose uncertainty is determined by the

we see once again that the expression can

<2

Si(Li) detector counting statistics and a term Z whose uncertainty is

systematic in nature. Propagating only the relative uncertainty AX

to R gives
Ay )®  [av,)®
AR = R 7—- +: A ' . (4.35)
K L

107

The fractional absolute uncertainty due to the absorption uncertainties

is just
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Az
Z

e

[ ’I'I'( P *e f 1— (Ly) + wp (f13+f12f23)A TI;(LS)] "

I 2 I 2
[[AA [ 1‘3‘1— (L )] [L2 £, “‘2)] * [“’ (£15+E1 55538 '1‘;“‘3)]-

v
(4.36)

The fluorescence yields and Coster-Kronig transition rates are assumed
to be the neutralfatom 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 lis£ings of all of the unswapped
collision systém results. This includes Ar on Kr, Ar on Y, C1 on Kr,
~and C1 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 pro;ectlles and the L (251/2) 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

-1 =4

Energy (MeV) [x| Z (x 1071 R (x 10~%)
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



Table XVIII.

Measured K-L vacancy-sharing ratios, R, between the

K shell of Ar projectiles and the L1(25
solid Y target atoms.

This includes the interaction energies, |x| as defined

1/

in Equation 1.1, and the factor Z which converts the
observed x-ray yield ratios to total vacancy yield

110

2) L subshell of

ratios.
Interaction 1n-3
Energy (MeV) [x] vA R (x10°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 Cl projectiles and the L,(2s;,,) L subshell of gaseous
(10.12 x 10-* atm) Kr targst 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 -1 -3
Energy (MeV) Mass le Zx10 Rx10
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 Cl1 projectiles and the L1(231/2) 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 Projectile : 2
Energy (MeV) Mass |x| z Rx 10
1.541 £ ,015 35 1.412 = ,007 .1752 + ,0319 .6393 = ,0215!
2.054 + ,021 35 1.223 £ .006 L1752 * .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 pf 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 Cl on Ar #ata have been plotted in a special insert in the
right hand corner with an expanded scale for |x|. The solid lines in

2| as given in the

each plot indicate the theoretical function e~
first term of Equation (2.31). The error flags or the physical size
of the plotted points indicate the relative uncertainties betwéen 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 + Al (solid), Ar + Cu (solid),
Cl + Ar (gas).

The solid lines indicate the theoretical function e'2|x| .
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Each set of data poiﬂts corresponding to a particulai 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 Cl 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
data fdr both the Ar on solid Al and solid Cu deviate from the e'2|x|
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 onyCu agrees
qualitatively with the trend exhibited by the Ar on Cr, Fe, and Ni
data of Jones et al. That is, nonekponential 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 Méyerhof 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 Cl on Ar and Ar on S collision systenms,
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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 nonneufral-
atom fluorescence yields given in Table I for Ar and Cl, it is seen
that ai?— is the same for both atoms to within a few percent for the
same L-sﬁéll‘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 expeéted 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 subst;;tially 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 projeétiles 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;§67-Mev and 1.182-MeV Al on Ar plots indicate no pressure
dependence for the ratio R. The 1.432-MeV Al 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 ls states of Al 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
o, (Al) the major contributors to the uncertaintieé 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 Oy (Ar) the photon
counting statistics dominate the indicated uncertainties.

o is observed to be a constant as a function of target pressure
at each of the interaction energies. Oy 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 %y 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 ¢,,. Because of the similarity of the collision systems it

H
is reasonable to assume that the same is true for the Si-Ar ratio.
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Figure 16. Cross section for vacancy production in the 1ls state of
Al (o,) 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 ls state of
Ar (UH) versus target pressure for 1.432-, 1.188-, and
"~ 0.969-MeV Al > 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 Oy 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
unceftainties 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 % for the Al 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 % 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 unmeasufable contribution,
the target-recoil contribution to % has been neglected for the Al 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
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Table XXI. Comparison of target-recoil calculation and experimental
determination of the slope of ¢, versus pressure for
Al projectiles on a gas Ar target at three different
interaction energies.

Interaction Theoret1ca1 Slope Expenmental Slope

Energy (MeV) (cm?/cm of oil) (cm?/cm of o0il)
1.432 3.05 x 10-27 (6.070 % 2.80) x 10-27
1.188 1.96 x 10~2%7 (0.177 + 2.43) x 10~2%7

.969 1.18 x 10~27 (0.529 + .777) x 10~2%7
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the target-recoil effect. Calculation of the target-recoil effect for
this ratio is not possible because the individual 1ls vacancy;production
cross sections have not been measured. However, éomparison with the
Al 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 éf R as defined in Equation
(4.8) for Al and Si on Ar (gas target) versus |x| from Tables V and
VI. Also, the Ar on solid Al data has been included for comparison
purposes along with the theoretical expression e-2[xl (solid line).b
The uncertainties indicated are statistical. The systematic uncertain-
ties,. dué to absorption corrections, are approximately 8% for the Si
on Ar ratios and approximately 13% for the Al on Ar ratios.

The most important feature of this piot is the observation of
the first deviation from the e—2|xl behavior using a gas target. Both
the Si and Al on Ar (gas) exhibit this behavior. Looking at the
second term in Equation (2.31) and neglecting or which has just been

shown to be small for Al on Ar collision system, the ratio R is

given by
o, (o}
R = EE. 2 001 (5.1)
L 2po
o}

€L, o-2lx]

when Thus OCI’ the Coulomb excitation cross section

2po
into the lso molecular orbital is the major process contributing to
oy for the Al on Ar collision system when |x| 3 5.

The Si on Ar (gas) data have been plotted for target pressures

of 10.12 x 10~ and 91.08 x 10~3 atmospheres. For |x| < 4.35, R is
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observed to be independent of the target pressure. For le = 4,35
(interaction energy of 1.256 MeV), R has the previously discussed
' pressure dependence and the lowest pressure point is in agreement with

-2|x| theory. For |x| > 4.35, only the higher target pressure

the e
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 1so molecular orbital is also indicatéd 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 nomneutral-atom fluorescence yiélds given in Table I
for Al 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 Al
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 ]xl) the experiment and theory approach

each other.

Al -+ Ar Cross Section Results

Figures 19 and 20 show o, and %y for Al on Ar (gas) plotted as

L
a function of the interaction energy. The indicated uncertainties
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Figure 19. Cross section for vacancy production in the 1s state of
. Al (o,) versus interaction energy for the Al -+ Ar (gas)
colli&ion 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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aie a combination of both statistical and systematic uncertainties.
For Oy the systematic uncertainties due to the Al x ray absorption
correction and the beam energy uncertainty at the normalization foil
dominate. For Oy the uncertainty in the five lowest energy points
is dominated by the counting statistics in. the Si(Li) detector. The
uncertainties in the two highest energy points is dominated by both
the counting statistics and 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
fluorescence-yield ratio gﬁi . Arguments‘have also been made that
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 Wor must be very close to its
neutral-atom value and Wy, must be within 22% of its neutral-atom value.
Thus, the systematic uncertainties in %4 and o, due to fluorescence
yield corrections should be less than 5% and 25% respectively.

Referring to Equation (2.26) for o, and noting that W1 <1,

°C1 << UZpo’ and GK-L < . for the Al on Ar c011;51on system at

2p

these energies gives 0 = Oppge Curve A on Figure 19 indicates the

po
result of the calculation of °2po using the united-atom binding method

of Foster et al. (1976) described in Chapter 2. It overestimates GZpd
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by 65% over the entire energy range. This calculation is directly
proportional to zeffz = %-(le + Zzz) and does not take into account
the shielding effects of the lso, 2sg, 2po, and 2pw electrons on zeff‘
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 2po cross section
calculated using the two-step quasimolecular process (Equation 2.41)
described in Chapter 2. Estimétes of the Al 2p-state;vacancy fraction,
using the equilibrium charge state numbers of Betz (1972) for Al ioms
moving througp Ar gas, give £(v) = 0.6 at 2.5 MeV, £(v) = 0.3 at
1.5 MeV, and £(¥) = 0.1 at 500 keV. The quantity Wy is calculated
using Equation (2.42) with neutral-atom Ar 2p binding energies and

four-times-ionized Al 2p binding energies. ¢ is calculated using

Rot
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 0, in this energy range and target environment. However,

po
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 continuum

states probably dominates electron promotion from the 2po molecular

orbital.
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In order to consider the direct production of vacancies into the
1so molecular orbital, it is necessary to subtract from %y the effect
of vacancies shared from the 2pc molecular orbital. Rearranging

Equation (2.27) and using w, << 1, the direct cross section,

1

%1sq (direct) can be written as

(direct) = o© ='=, 0 (5.2)

91s0 c1 1sH ~ %2po "1 -

Using the values of O1sH (GH) and °2po (GL) from Table IX and calculat- .
ing Wy from Equation (1.1), %1so (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 %4 and Oy -

The lower solid curve is the result of the Anholt and Meyerhof
(1977) calculation of © '