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ABSTRACT
An x-ray station has been developed at The University
of Arizona beam-foil laboratory to extend spectral studies
into the x-ray region (A0.5X -> 100A).

The station consists

of a Bragg-diffraction crystal spectrometer modified to give
high (1 eV) resolution, and a solid state Si(Li) detector for
high quantum efficiency.

Both spectrometers have been used

to study gas and solid targets.
High resoultion studies of Ar x-ray satellite spectra
have provided insight to the problem of Ar L-shell fluores
cence yields.

High resolution work of B K x rays provided

information about H-like, He-like, and Li-like B.

Results

of these studies give additional validity to the electron
promotion schemes of Fano and Lichten.
+

Cross-section studies of Ar

+

-*• Ar, CI

•* Ar, and

C£+ -> C&2 have demonstrated the importance of outer shell
ionization for inner shell x-ray energies.
Two sources of non-characteristic x rays have 'been
investigated.

One arises from the coupling of characteristic

x rays to plasma oscillations in solids.

The other arises

from emission from quasimolecular (united-atom) systems that

X

produce a continuum of x rays.

Observation of these in

0+ -> 0 and Ne+ •> Ne have added impetus to the united-atom
x rays.

CHAPTER 1
INTRODUCTION
The beam-foil technique (1-3) for studying properties
of atoms has been in use almost a decade.

Many laboratories

around the world are engaged in studying spectra produced by
ions after interacting with a thin carbon foil.

Copious

amounts of data concerning mean lives of atomic states, new
transitions, f-values, g-values and other relevant parameters
have been extracted from spectral studies in the wavelength
O
O
range A100A - 6000A where most radiation emitted arises from
the de-excitation of the outer 1 or 2 electrons, even in
highly ionized species.
It was natural to extend measurements to the shorter
O
O
x-ray wavelength region (A100A - .1A) where the radiation
emitted arises from transitions between the inner shells.
The x-ray spectra produced reflect the structure of the inner
shells of the atoms.
This work describes the development of the x-ray
capability in the Van de Graaff Laboratory at the University
of Arizona.

Experiments include studies of x-ray spectra and

excitation cross sections as a function of target, projectile
and energy.
1

2

The x-ray station consists of two x-ray spectrometers
(Bragg diffraction and Solid State Si(Li) detector), target
chambers and associated electronics.

The entire experimental

station was developed so that future x-ray studies can be
done efficiently and with the best possible resolution.
Because excited inner shell states have very short
mean lives, the typical time of flight beam-foil experiments
are not applicable to the x-ray studies.

Therefore most

x-ray experiments concern only studies of spectra and cross
sections and involve bombardment of solid or gas targets with
various projectiles.
Historical Development
X rays were discovered in 1895 by Roentgen.

In 1899

Hage and Wind used a single-slit experiment to show that
x rays are a wave phenomena (photons) and estimated the wave
length of x rays.

Since these early discoveries detailed

studies of the finer details of x-ray spectra continue.
Most x-ray studies in the past have involved bombard
ing targets with electrons.

The characteristic radiation

arises from the transfer of energy in the rearrangement of
orbital electrons of the target atom after ejection of one
or more electrons in the excitation process.

The first

characteristic x rays were observed in absorption experiments
by Barkla.

In 1912 Bragg found the law for selective re

flection of x rays from crystal surfaces.

In 1913 Moseley

3

looked at the K and L series of x rays and as a result found
the law that now bears his name.

He defined a unique se

quence on the basis of atomic number and showed that the
square root of the wave number of a given line in character
istic varies precisely as the integer Z (atomic number).
In 1930 L. W. Du Mond and P. Kirkpatrick formulated
the principles of bent-crystal spectrometers.

H. Johann in

1931 used these ideas and made the first bent-crystal spec
trometer.

In 1932 T. Johansson developed a crystal spectro

meter that used a crystal modified by grinding and bending.
During the early 1930's M. Siegbahn developed x-ray gratings.
Each advance opened the way to many new researches into finer
details of x-ray spectra.
The latest developments in x-ray analyzers involve
a solid state detector.

Their advantage over crystal spec

trometers arises from their nearly 1001 efficiencies in cer
tain x-ray regions.

Proportional counters, with very thin

windows also provide rather high (50-751) efficiencies.

How

ever, both of these are usually characterized by poor energy
resolutions.
High resolution x-ray studies are still of great
importance.

The spectra yield parameters which characterize

ionization, x-ray and Auger cross sections, and fluorescence
yields and are important for explaining mechanisms fundamen
tal for the understanding of atomic inner shells.

4

Purpose of X-Ray Studies
The x-ray studies reported here have been carried out
with ion beams which include elements with Z of 1 to 18 as
projectiles.

Heavy ion-atom collisions are very efficient in

producing inner shell excitations.

In addition to opening up

a new field of atomic research, the inner shell processes are
also important for practical applications.

The technique can

be used to investigate x-ray phenomena in astrophysical ob
jects, for trace element studies in biological samples or
pollution studies of air samples.

It can be used to detect

impurities in semiconductors and study thin surface coatings.
The very high resolution studies give insight to the bonding
strengths of molecules.

The main advantage of this method is

that it is essentially nondestructive to the sample and no
special sample preparation is needed.
The use of x-ray diagnostics as a practical tool re
quires knowledge of accurate cross sections and fluorescence
yields.

The determination of these quantities is in essence

advancing the fundamental aspects of atomic physics.
Purpose of This Work
This work describes results of our high resolution
studies of x-ray spectra which we obtained by using sophisti
cated electronics and improved resolution spectrometers.

The

research is mainly a diagnostic study which contributes to a

5

deeper understanding of the theory and suggested more experi
mentation.
This dissertation will describe five experiments and
their results.

The experiments deal with measurement of

x-ray energies and cross sections for x-ray production and
ionization.

Some of these experiments also show the validity

of the present theories, and some others point out anomalies
that would affect later theoretical work.

The experiments

reported are:
1.

study of the Ar L-shell by H+ and He+ impact,

2.

study of the Ar L-shell by CI

3.

study of B x-rays by B bombardment of Ar and CH^,

4.

observations of quasimolecular x rays by bombardment

4.

and Ar

+

ions,

of solids with 0+, 0* and Ne+, and
5.

plasma oscillations in C by H+ + C impact.
Recent literature describes experiments dealing with

the mean fluorescence yield of Ar L-shell and the resuls are
in disagreement with each other.

One study involving the

analysis of Auger electrons predicts a mean fluorescence for
the Ar L-shell which is an order of magnitude larger than
existing theoretical estimates.

Such Auger measurements

lead to difficulties that can be overcome by high resolution
x-ray studies as we show later.
Ionization cross sections due to collisions between
heavy ion-atom pairs are little understood.
able theory exists.

So far no reli

Fano and Lichten (4) and later Barat and
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Lichten (5) proposed a molecular orbit theory to help exPlain inner shell ionizations and predict when inner shell
vacancies are possible.

Recent experiments by Saris and

others (6,7) show that certain anomalous x-ray spectra can be
explained by these models.

Our experiments also show this

phenomenon in the case of 0+ or 02+ and Ne+ beams into solid
targets.

In essence the collision forms a molecule with a

vacancy.

At some internuclear separations the vacancy is

filled from higher levels to give an x ray.

The x-ray ener

gies form a band since the x rays may be produced at various
internuclear distances.
Our experiments with Ar L-x-ray production using CSand Ar ions and studies of B spectra by bombarding Ar and
methane with B ions show the consistency of the Fano-Lichten
model.

The B data show H-like, He-like, and Li-like B x-ray

spectra.
Our high resolution data show a number of anomalies
in x-ray spectra which must be explained before cross-section
measurements are understood.
Most satellite x-ray lines which are of higher energy
than the principal line can be explained by multiple outer
shell ionization simultaneous to the inner shell vacancy pro
duction.

Observation of lower energy satellites have been

observed in Ar, and no atomic energy levels exist which can
explain such transitions as a one-step process.

These satel

lites are interpreted as arising from simultaneous emission
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of x rays and an outer shell electron.

Since these transi

tions produce about 20% of the possible decay modes, they
must be taken into account in the total description of the
atom.
Another interesting anomalous low energy x-ray
satellite in solid carbon that cannot be explained by any
atomic phenomenon is possibly due to excitation of plasmons.
Other investigators (8,9) have observed these satellites in

Ai, Mg, Be and have confirmed that they are due to the inter
action of x rays with plasmons.
The experiments in this dissertation provide a
diagnostic study and give new information to the theoreti
cians on a variety of topics, and give them finer details
they need for their models.

The theories that we discuss

give an overall picture of the complexity and to the problems
in this field.

The theory chapter covers a basic review of

the theory and gives a feel for the overall problem.

CHAPTER 2
THEORY
The theories that we discuss are an overview of the
present understanding of atom-ion collisions.

We do no

always specifically use the theoretical ideas for our experi
ments but use them as a guide for diagnostics that are neces
sary to further the theoretical models.
We will examine each in order of its historical
development.

It becomes apparent that as better data appear

the theory becomes more sophisticated.

We shall discuss the

developments in the following manner:
1.

Born approximation,

2.

binary encounter or impulse approximation,

3.

Born-Oppenheimer approximation and molecular orbit
theory,

4.

rotational and radial coupling of molecular orbitals,

5.

methods for determining ionization cross sections in
heavy ion-atom collisions,

6.

fluorescence yields, Auger transitions, radiation Auger
transitions and Coster-Kronig transitions, and

7.

plasmon satellites.
8
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We must consider light ions (H+, He+) and heavy ions
at low, intermediate and high velocities.

First, we see how

the various ions at different energies produce inner-shell
vacancies during impact.

A review of inner shell vacancy

production by protons and alpha particles is useful.

The

gross features of these spectra and cross sections are fairly
well understood by theoreticians and give a good background
for the theory of vacancy production by heavier ions.

These

mainly involve the Born approximation (10) and binary en
counter approximation or impulse approximation (11).

Al

though at the present time no good theories exist which
describe the creation of inner shell vacancies by heavier
ions, we will discuss the ones that are presently used.

Once

these vacancies are produced another problem is to understand
how the atom returns to the ground state.

As the vacancies

are filled the excitation energy is removed from the system
by emission of x rays and electrons.

Therefore we will also

discuss fluorescence yields, Auger transitions, Coster-Kronig
and radiative Auger transitions.

Some x-ray emissions that

cannot be explained by ordinary atomic transitions will also
be discussed.
Ionization by Protons and Alpha Particles
The most popular models used to explain production of
inner shell vacancies are the Born approximation and the im
pulse approximation.

Both involve the interaction of the
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Coulomb field of the charged particle with the bound elec
trons and both are high energy approximations.
In the Born approximation we consider the projectile
in our beam impinging upon a potential V(r).

It is usually

assumed in this approximation that the potential V(r) is
small enough to be treated as a perturbation, and that the
incident and inelastically scattered particle can be de
scribed by plane waves.

The perturbation H1 = V(r) causes

transitions of particles from a state with initial momentum
to other states with final momentum q£.

In our case the

Coulomb interaction between the bound electron and ion pro
duces the vacancy, and the final state of the electron is de
scribed by a continuum wave function.
The Born approximation is valid at energies such that
the wave function of the scattered particle is essentially
undisturbed by the collision.

This condition (12) is usually

stated by the relation:
z,Ze2

«

1

(1)

hv
where Z is nuclear charge, Zj is projectile charge, and v is
the relative velocity.

Ionization of the inner shells is

more likely as the collision becomes less adiabatic and as
the energy transfer of the incident particle to a bound elec
tron approaches the binding energy of the electron.

Cross

11

sections are at a maximum when binding energy equals the
energy transfer to the electron and beyond that falls off
as (Br? E)/E, where E is the incident particle energy.
Bern's first approximation to the cross section is
usually given after using the Golden Rule Number 2:

m'
4u2h^

dOfi(fl)

vi

Ze2 exp[(i/h)(qi-q£)-R]
^(r)

ijK(r) dr dR

dfi .

|R-r|
(2)

Here m is the reduced mass; R is the vector pointing from
atom to the projectile; v^,q^ and v^,q£ are the relative
velocities and momenta before and after the collision;

and

are the initial and final states; r is the position of the
atomic electrons relative to the nucleus; dft is the element
of solid angle into which the incident particle scatters.
Most calculations of inner shell ionization by ion
impact, however, usually start with the above equation in a
different form.

Instead of using the scattering angle we

integrate over the vector change of momentum and the coordi
nates of the particle.

In doing this, and using q =

where q is the vector change of momentum, we have
2
do£i(q)

=

8uZ2|g^J

^3.
|
| 4,* exp iq*r iJk d3i

(3)
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The total cross section is given by integrating over all
momentum transfers and summing over all allowable final
states.

To get these equations into a useful form for deter

mining the cross section for K shell or L shell ionization,
the value of the integral or form factor must be calculated,
i.e.*
Ffi(q)|
exP icl,r
=

d3r

•

(4)

The form factors are given by Merzbacher and Lewis (13) who
approximate the initial state with hydrogenic wave functions.
This is done by taking eq. (3) and summing it over all substates of an initially filled atomic shell and integrating
over all directions of the ejected electron.

Then the dif

ferential cross section for energy transfer between e and
e+de is given for the s shell by
2
42°

CS

"

16"z2

(!v) 2 ^

de

SW

Fc

.

(5)

The total cross section for ionization from the s-shell is
then given by

«s

8irZ2a*
• -zrr
s s

£

SCW

(6)

•

Here further approximations are made for screening
of an effective charge Zg as shown by Slater (14).

f

is
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due to integration of eq. (3), and aQ is the Bohr radius.
The parametric form 0 s = (n2sus )/Zs2

and

r\

s

=

(Zs2)_1(hv/e2)®

where n is the principal quantum number, ug is the binding
energy of the sth shell and v is the relative velocity of
the projectile and electron, provides a convenient way for
comparing data.

Figure 1 shows theoretical K-shell ioniza

tion cross sections.

Similar curves for both K and L shells

are given by Merzbacher and Lewis (13).
Other theories such as the binary-encounter approxi
mation or the impulse approximation are less rigorous but
become very useful in closing the gap between theory and
experiment and lend themselves much more readily to compari
sons and scaling laws.
The impulse approximation involves the interaction
between two classical particles, in our case the direct
energy exchange between the incident ion and the atomic
electron.

In these situations the energy transferred to

the electron in the collision is determined from the energy
and momentum conservation laws as a function of the scatter
ing angles.

The cross section is determined according to

the momentum exchange and energy exchange.
The ionization cross section for proton bombardment
of atoms is given by Garcia (16) as
f
<*i
1

-

I nk
k

E.
a AE
u^

IH
(v ,v ;-£) dAE
1

2 m
e

.

(7)
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Figure 1.

K
Comparison of K-shell cross sections due to Born
approximation, impulse approximation, and experi
mental data.
Here A is the ratio of projectile mass to electron
mass, and u^ is the K-shell binding energy. The
dashed curve is due to Bron approximation; solid
curve due to impulse approximation. The other
points correspond to various experiments. Taken
from Garcia, Fortner, and Kavanagh (15).
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Here n^ is the number of electrons having ionization energy
ui»

Ei

*s

t*ie

incident proton energy.

Upon averaging eq. (7)

over the speed distribution of the bound electron and summing
over all electrons in the subshell, the cross section for
ionization becomes

°iCvi)

=

Ni

j

ai(vi»v ) £CV2^ dv2
2

(8)

•

N. is the number of equivalent electrons with binding energy
fE'
d
1
u; f(v2) is the speed contribution; and
=
dAE.
This integral has been worked out by Gerjuoy (17) and leads
to an expression

u2oj

=

l \ fKEj/XuD.X]

.

(9)

Here Z1 is the charge and X the mass of the projectile in
electron mass units.

Therefore a plot of Cu Z CTJ )/(Z 1 ) VS.

Ej/Xu gives "nearly" the same result for all target atoms.

Similarly with the Born approximation, we plot

nk

01,

_

fmel fEil _
(if)
)
J R
lUj^J

E
Xur

(10)

versus
uk°k

_
~ZT ~
L\

g 2 (Vk*
72

9k

L\

'

(11,
(11)
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The scaling feature permits easy comparisons to be made
between the Born approximation, impulse approximation, and
experimental data.

Figure

1

shows the convenience of

plotting results in this fashion.
Therefore some of the very useful features of the
above impulse approximation is its simplicity for making cal
culations, and the convenience for scaling and making com
parisons.

If we know (^(EjU ) which is the cross section for

removal of an electron whose binding energy is u

and the
cL
impinging proton energy is Ej, then the cross section for

removal of an electron with binding energy u^ is

aCubE?)

=

("I)

a(ua'E

>

(12>

ub

where

Additional corrections have been made to the impulse approxi
mation.

One of the more important ones at low energies is

the effect of nuclear repulsion on the motion of the proton
which changes the impact parameter and lowers the kinetic
energy of the proton.

These expressions are given by Garcia

(16), who claims that most of the correction comes from the
change in kinetic energy of the proton which is important
only near threshold energies.
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Both the Born approximation and the impulse approxi
mations agree quite favorably with experiments with the im
pulse approximation agreeing better and is within a factor of
2 to 3 of experimental cross sections.

However, neither

approximation works near threshold energies.

Presently these

give the best approximations to cross sections for impact by
proton and alpha particles.

A good theoretical description

of inner shell ionization cross sections and a comprehensive
theory are still possibly far in the future.
Born-Oppenheimer Approximation
and Molecular Orbit Theory
One often asks whether proton impacts differ substan
tially from impacts due to electron-carrying ions.

It is

observed that both x-ray and ionization cross sections due to
proton impacts at the same projectile energies are several
orders of magnitude lower than cross sections for heavier ion
impact.

The existing experimental data certainly indicate

that inner-shell excitation by heavy ions is due to a dif
ferent mechanism from that due to proton impact.

To shed

some light on the mechanism we will start with the BornOppenheimer or the adiabatic approximation, and extend our
discussion to the Fano-Lichten model (4) and then discuss the
later developments of Liehten and Barat (5).
When heavy ions and atoms collide, the inner shells
surrounding the two heavy nuclei interpenetrate and sometimes
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cause one or more electrons to be removed.

Since in many

experiments the ion velocities are much smaller than the
orbital electron velocities, the collision is regarded as
quasi-adiabatic.

During these collisions as R decreases

the ion and atom pair forms a quasimolecule.

The theory

will therefore be very similar to that which has already
been developed for molecules.
In the molecule the electron orbits are more compli
cated than in an atom and the potential the electrons feel is
no longer spherical.

The nuclei are considered to have equi

librium positions which change slowly while the electrons
travel around them very rapidly.

To describe this system we

consider the Born-Oppenheimer approximation for diatomic
molecules.
In this model the internuclear distance R varies from
infinity to zero during the collision.

Fano and Lichten

first proposed the use of molecular orbitals to explain inner
shell excitations and it has been a very successful idea.
Usually the Born-Oppenheimer or the adiabatic approximation
is used as a guide to Lichten-Fano diabatic or dynamic
orbitals which become very useful in explaining the actual
physics of the collision.

In these situations as the nuclear

distance varies during a collision, some of the electrons
experience an increase in their principal quantum number.
After collision, when the atoms are separated, an electron
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may be left stranded in a higher atomic level.

Thus the atom

becomes ionized when an inner shell electron is "promoted"
through a molecular orbital path scheme.

This basic idea

shows how inner shell electrons can be excited during rela
tively low velocity collisions.

Although the adiabatic

states are not necessarily the best description of the colli
sion process they give a qualitative way of constructing more
appropriate diabatic or dynamic states.
In the Born-Oppenheimer approximation, we treat the
nuclear and electronic motions separately since the nuclear
velocities are much lower than the orbital velocities of the
inner-shell electrons.

The interaction between the nuclear

and electronic motion is treated as a perturbation.
We now review the Born-Oppenheimer methods that are
generally used for atom-ion collisions.

The stationary state

Schroedinger equation is given by:

- [~h Vt " 25

=

Vr. +

E<KR,?i)

where y = (m1m2)/(mi+m2); m = mass of electron; m

(14)

and m2 are

the masses of the two nuclei; Zl and Z2 are the atomic num
bers of the two nuclei; N is the number of electrons.
Ve(it,r^) is the electron-nucleus and electron-electron
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interaction potential.
vector,

R is the internuclear separation

r^ is the coordinate of the i'th electron.

The

electronic coordinates are fixed to the rotating internuclear
axis with center at the center of mass of the two nuclei.
Since the nuclear and electronic wave functions are
being treated separately, the wave functions can be expanded
as:
H^r±) =

I <j>£($) ^(R,^)
1c

(15)

where ^(S,r^) is the complete and orthonormal basis set of
molecular wave functions.

Putting <|iC&,r^) into eq. (14) and

multiplying by (^®) and integrating over electronic coordi
nates we get:

*r

- <£ <*SiviiC - E )

* nr- *

- r < < i ' ' s i • 0 '7 s <( « )

*^

-

^
* 5" ijm'

-

*1J

1VK1

tS)

(16)

where

and
1)6

*

1
" H J, V
'
^

(17)
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When the proper basis set ^ is chosen and nuclear
velocities are small, the coupling elements in the above
equation are small.

The adiabatic approximation then reduces

to

(- Is ' I * n r -

+

"E)

*

0

•

(18)

This describes the nuclear motion when the system is
in the m'th electronic state.
mation

In the lowest order approxi

there is no mixing of different electronic states and

therefore we have only one term in the molecular wave func
tion.

The eigenstates of the molecule in our collision case

at various nuclear separations are

- *nvcu •£cr,?1)

Here

.

cw)

the (v) indicates the different solutions to the equa

tion for nuclear motion.

The energy Emv of these solutions

is then the total energy of the molecule.

The adiabatic

molecular orbital diagrams are generated by performing these
calculations for different nuclear separations.
In the real collision situation we must look at dy
namic states.

Although the adiabatic states are not very

accurate, they do give a good qualitative guide for construc
ting the more appropriate diabatic states.

One of the fea

tures of adiabatic states arising from mathematical effects
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of the adiabatic representation is the occurrence of avoided
crossings between molecular states of like symmetry at some
specific R.

The dynamic coupling between different states is

most important at these crossings and gives qualitative de
tails of the collision there.

When the adiabatic states

repel near the crossings there is a sudden change of the
potential energy due to the redistribution of electronic
states at these R.

When the energy difference between the

levels is small and the relative velocities are large enough
so that time spent at these crossings is small, the electrons
cannot redistribute themselves and the adiabatic curves are
no longer followed.

The molecular orbitals then cross at

these "avoided crossings" to give a different set of curves
called diabatics.
Diabatic states were used by Fano and Lichten who
showed that a better understanding of the collisions involv
ing inner shell vacancies could be obtained by a set of
states that run smoothly through the crossings.

At the

crossings the electrons can be promoted to a higher level
during a collision if the higher level is not occupied.
Using this model, Fano and Lichten predicted the promotion
of L23 electrons in Ar+ -* Ar collisions.
Since the molecular orbital correlation diagrams for
diabatic states are extremely useful for explaining atom-ion
collisions we will review them.

We stress that even though
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the diabatic states deviate substantially from the adiabatic
states, knowledge of the adiabatic potential energy curve
gives insight to the location of the crossings and pseudocrossings of molecular states, and therefore adiabatic curves
may be used to draw approximate diabatic states.
Basically, the simplest molecular-orbital correlation
diagrams are those which are formed by connecting straight
lines with atomic orbital energies of the separated atoms
with those of the united atom.

In forming these molecular

orbitals the value at R=0 corresponds to united atomic electronic energies, and values at R=» are the separated atom
energies.
In molecules the quantum numbers which are conserved
are the projection of orbital angular momentum on the internuclear axis.

These quantum numbers are given for the mole

cules by the Greek letters o, it, 6, which correspond to the
letters s, p, d, in the atomic case.

Also parity with

respect to the center of charge must be conserved.

Barat and

Lichten point out that diabatic molecular orbitals conserve
the number of radial nodes given by n-£-l when R changes from
zero (united atom) to infinity (separated atom).

As Barat

and Lichten point out there is no way of explaining this rule
rigorously.

It results from the approximate Coulomb two-

center nature of the problem.

Kessel and Fastrup (18) summa

rize the basis to the assumptions of these rules as 1) innershell electrons in many-electron systems can be represented
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by one-electron states and 2) the incomplete screening which
causes avoided crossings for the adiabatic molecular orbitals
can be ignored for diabatic molecular orbitals.

For example

Is levels having 0 radial node can connect with Is or with 2p
levels and so on for other levels.

In a symmetric case there

are four electrons to start with in the Is state of separated
atoms but only two of them can end up in the Is state of the
united atom.

The other two electrons must go somewhere else,

which is the next state with zero radial nodes.
A series of molecular orbital diagrams derived from
the Barat-Lichten rules provide an extremely useful qualita
tive picture of the atom-ion collisions.

Figure 2 shows a

case where Z1 and Z2 are slightly different.

The order of

the orbitals for the separated atom is lSj, ls2, 2SJ, 2s2,
2p1? 2p2, 3SJ, etc.
atoms.

The subscripts stand for the different

Figure 3 gives the case when Zl and Z2 are very dif-

erent and the 2px orbital lies deeper than the ls2 orbital.
The separated atoms are labeled lSj, 2SJ, 2pt, ls2, 3s1, etc.
Barat and Lichten metion that this "swapping" of atomic
orbitals has a radical influence on the diabatic correlations.
The case where Z^ and Z2 with two atomic orbitals with dif
ferent principal quantum numbers have almost the same binding
energy is given in fig. 4.
In the symmetric case and few other cases the semi
quantitative correlation diagram serves as a very useful tool

25

UNITED ATOM
n-1-1

SEPARATED ATOMS
n-i-1

1

0
1

0
0
1
1
2

2

1

0
0

2

1
0

1

1

0

0

0

Figure 2.

Construction of molecular orbital diagram where
Zi is a little larger than ZzThe number of radial nodes is given by n-Jl-1.
The levels that correlate must have the same
number of radial nodes. The dotted lines
correspond to the 6 states, the dashed lines to
the tt states, and solid lines to the a states.

26

UNITED
ATOM
n-£-l

SEPARATED
ATOMS
n-A-1

0
1
2

0

3

1

0

0
1

1

2
2

0
0
1

1
0

Figure 3.

Construction of molecular orbital diagram for
cases where Z\ is much greater than Zz•
Here we notice the swapping of ls2 and 2pj and
2si levels.
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Construction of molecular orbital diagram for
case in which principal quantum numbers differ,
but the levels have almost the same energy.
Here 2p3 , ls2, 2si levels are approximately the
same.
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for predicting spectra.

Figure 5 shows the Ar-Ar correlation

diagram and the diagram is the same for all other symmetric
cases.

Some asymmetric collisions of Ar with B and C and

collision of C with B are given in figs. 6, 7, and 8 respec
tively.

Collision of Ar with CI is given in fig. 9.
The ionization cross sections for these heavy atom-

ion collisions can be inferred from studies of the excitation
mechanism for the promotion of electrons along the orbitals.
Rotational and Radial Coupling
The couplings that lead to transitions between elec
tronic states are due to nuclear motion, both radial and
rotational.

Rotational coupling arises from the rotation

of the molecular axis during the collision.

Russek (19) and

Kessel and Fastrup (18) present theories that involve
rotational coupling.
We start by considering the electronic motion which
must satisfy the equation
=

i

(20)

where He is the electronic Hamiltonian.
In order to study the development of the electronicwave function

(t), it is usually constructed from the

molecular states as follows:
<Ht)

=

I ak(t) ^(Rtt),^) exp[- j J* u£kOUt'))

dt'l- (21)

29

4f 0

510

3d5

AsO
3sG
.AfO
-3<iK
-3dO
3do

2SG
100

2po
Is K

ISO
0.1

Kr

Figure 5.

1.0

r(a.uj

10
Ar+Ar

Molecular orbital diagram for Ar -* Ar collisions.
This is a semi-quantitative diagram as proposed
by Fano and Lichten (4). When the internuclear
distance becomes very small the levels approach
those of Kr.

\

\ 3piT/
/5pa

Ar 3p

Ar 3p

Ar 3s

Ar 3s

X^3so

3p
3s

\ 3da

2pa>^

2p
2s

B 2s
B Is
Ar 2p
Ar 2s

Ar 2p
C Is
Ar 2s

C 2p
C 2s

2sa

B Is
Ar Is

Ar Is

C Is

Is

Ar+B
R=0
Figure 6.

Ar+C
R=»

Molecular orbital diagram o£
Ar colli
B
sions.

Figure

Figure 8,
Molecular orbi
tal diagram of
Ar -»• C colli
sions (Ar •+ CHk)

Molecular orbi
tal diagram of
B -»• C collisions
(B - CH^).
O

31

0.1

ApCJ
As

1.0

5f 0

Asa
3d6

A10
•3dK
'3dO
3po

3pCl
3pAr
3s CI
3s Ar

2pCl
2pAr
2sCl
2s Ar

3sq
UJ

2sO
2pO

JsC!
"IsAr

100

Iso

1000
0.01
Br

Figure 9.

0.1

1.0

r (a.u.)

10
Ar+Cl

Molecular orbital diagrams for Ar •* CZ or
CS, -* Ar collisions.

32

Since ft = ft(t) and

= ^(i£(t),r^), the electronic wave

function depends of t parametrically through 5.

When we put

the above into the time dependent Schroedinger equation and
multiply by

^®Cft(t)

exp [jr-

U (R(t'))
dt*]
1
mm v v ' J

(22)

and integrate over all the electronic coordinates, we get

i
a (t) +
dt m^'

ih

Ue (t)a
(t) - Y a,(t)Ue, exp[-£ PfU®
-U
mm v 7 m v -1
£ k^-'mk
n J v kk mm)dt]

+ ih I av(t)

m 1 3t 1 k

exp[-J

Kk-C'dt'i

-

0

•

Differentiating wave functions with respect to time, we get

3i
at*

§e *

(24)

v. M • 9 r L ¥
s y
R di

(25)

|f +

+ 5

or

It*

where L

is the angular momentum operator perpendicular to

the axis of rotation.

We can write the previous equation
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14

at Vl>

=

-if ^ ak(t) vR

* ijm

a, t t t )

f(ukk-uL)dt'i

VK*

®

exp[-i f(U^-U^Jdt•]

eXP[^

r (Uklc-UL'dt''

*

<26>

Russek (19) has shown that with rotational coupling, a states
couple to ir states but will not couple to a states.

However

since radial coupling couples only a to a states or states
with identical symmetry, it is impossible to consider radial
coupling

when we talk about rotational coupling.

Therefore

all radial coupling terms as < i|jeI1 ^11 ipe> are zero. The result
m gg m
is that the rotational operator L couples only states for
which the molecular angular momenta differs by h and have the
same spin.

In case of identical particle collisions, they

must also have the same parity.

The selection rules for the

strongest couplings for atom-ion collisions are summarized as
follows:

radial coupling Am^ = 0, rotational coupling Am^ =

±1, and no change in parity.

The m^ the projection of the

angular momentum onto the nuclear axis.
The couplings that we have talked about determine the
transition probability of electrons between the orbitals at
the level crossings.

The transition probability is highly

peaked at the crossing radius Rx and the probability is
governed by the interaction coupling the two levels.
Methods for Determining Ionization
Cross Sections in Heavy Ion-Atom Collisions
The present theories for excitation cross sections
are in need of improvement.

Of the many that exist, the one

that most accurately fits experimental data for K shells is
by Briggs and Macek (20).

All theories start by using for

the total ionization cross section

aj

=

2ir

P(b) b db

(27)

o
where b is the impact parameter and P(b) is the probability
for vacancy production.

The calculations or approximations

that are made are included in P(b).
The probabilities P(b) are estimated in a number of
different ways.

The Landau-Zener formalism (21) is one that

has been quite useful when working with radial coupling, and
has also been applied successfully outside the range of
validity.

The Landau-Zener formalism deals with the crossing

of molecular orbitals and the probability of having transi
tions between levels at the crossings.
the crossing point is traversed twice.

During a collision

In the Landau-Zener formalism we can determine the
probability for vacancy production P(b) by the Landau-Zener
formula
Ppq(b)

= s(l-s) + (l-s)s

=

2s(1-s)

.

(28)

Here s is the probability that the system does not make a
transition while going through the crossing point.

The same

equation holds if s is the probability for making a transi
tion at the crossing.

In the Landau-Zener formula the first

term is the product of the probability that the system re
mains in p after the first crossing and the probability th;at
it makes the transition to q in the second crossing.

The

product in the second term requires that the system be in q
after the first and that it stays in q after the second
crossing.
In order to get an expression for s, a two-state
approximation is used and most of the transition probability
is obtained from the region of the trajectory where the
potential energy curves have their minimum separation.
has been worked out to give

This

s = exp[-2ir(32/|a|)], the pro

bability that the system does not make a transition while
going through the crossing point.

Here a is a velocity

dependent term and g is related to the coupling between the
states and to the slopes of the orbitals at the crossing
point.

The probability becomes
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Ppq

=

2 expI-27.-^]

1 " exp[^2fii]]

(29)

An approximate cross section given by the Landau-Zener theory
is
a

pq

TTR 2 P

as

(V)J

pq v

o

.

(301
K
J

Following this approach Fortner et al. (22) used a probabil
ity for ionization given by

P(b)

=

2as(l-s)

b < bm

=

0

b > bm

(31)

where a is a statistical factor that takes into consideration
transitions due to other effects.

bm is the impact parame

ter, for which the distance of closest approach equals level
crossing radius R .

He gets a final equation for cross

A

section of
0(E)

x

=

[q
1

4-rr a

L

[1

V(Rx>

^-]

X
- Q
[E-V(Rx)]«

?%
1
^[E-V(Rx)]« J

(32)

f°°
exp (-xt) t ndt; E is the ion energy in
JO
center of mass system; y is the reduced mass; V(R) is the

where Qn(x) =

potential energy; y « g

2

in above eq. (29).
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The above is used to fit cross sections for C and Be
K shell excitation.

P(b)

=

Kessel (23) assumes

constant and independent of velocity
£or b

P(b)

=0

< bm

'

b > bm

.

(33)

His cross section is
V(R

°(E)

=

Rx P(b) [1

X)

g^-]

.

(34)

This last expression is in very good agreement with L-shell
excitation experiment in Ar+->-Ar collisions.

See refs. (24)

and (15).
Attempts have been made to use Kessel's formula for
Ar+-»-Ar and Ne+-*Ne K-shell excitation but the fit is poor.
Other experiments, as the scattering experiments where elec
tron (or ion) energy losses are measured, indicate that the
K shell excitations of Ne+-»-Ne collisions and the L shell ex
citations of Ar+-*Ar collisions are due to different mecha
nisms.

In these experiments (25-28) an inelastic energy loss

is measured as a function of distance of closest approach.
The energy loss is given as

Q = TQ-(T1+T2) where T0, Tj and

T2 are the energy of the incident, scattered, and recoil par
ticles.

At distances of closest approach of about .23A in
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Ar+->Ar collisions a sharp increase of inelastic energy loss
was observed.
multivalued.

It was also found that the energy loss was
The energy-loss data indicate

a double peak

structure in the Ne+-*Ne collisions and a triple peak for the
Ar+->Ar collisions.

This difference can be explained by the

molecular orbital diagrams.

In the K-shell situation just

the crossing of the 2po-2p,rr are considered and the transi
tions are due to rotational coupling.

The L-shell vacancies

produced are due to the steeply rising 4fa molecular orbital
(see fig. 5) at fairly large distances of closest approach
and this leads to level mixing through nonadiabatic terms.
Therefore, coupling to the continuum results; there is a unit
probability of emptying the 4fo levels, and P(b) in eq. (34)
is unity.

The K shell excitations are approximated by two

level formalism.

Briggs and Macek (20) specifically work out

a theory for the Ne+-*Ne K-shell where they use rotational
coupling of the 2pa and 2pir levels.

Their cross section cal

culations fit quite well with experimental data for K shell
vacancy production in Ne+-»-Ne collisions.
Now we bring into perspective the ideas presented
above.

We discussed the various mechanisms for inner shell

excitations, particularly L and K shell.

These can be

qualitatively explained by molecular orbital diagrams where
electrons are assumed to move independently in diabatic
molecular orbitals of the quasi-molecule.

Coupling between

crossing levels can take place through rotational or radial
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coupling which then produce promotion of electrons.

The pro

bability of transitions in rotational and radial coupling is
important in determining the ionization cross section.

We

mentioned how these theories agree with the experimental data.
We also stressed that a lot more experimental work needs to
be done to aid in development of theory.

Indeed, the present

theories and experimental results are extremely sketchy.
X-Ray and Auger Transitions
The foregoing discussion dealt with ionization cross
sections.

Now we examine what happens to the vacancy after

it has been produced.

This will lead into a short discussion

of Auger transitions, x-ray emission, Coster-Kronig transi
tions, radiative Auger transitions, and fluorescence yields.
In order to compare x-ray data to excitation cross
sections we need to know the value of fluorescence yield,
which is simply the ratio of the x-ray cross section to the
ionization cross section

0 /°j
x

= w,

or

i-n terms of Auger

electron production

For example, the K fluorescence yield

is the ratio of the

number of photons of all the lines of the K series emitted to
the number of K-shell vacancies produced:
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I(n.)i
mK

Nk

There is a similar

•*«,

+ nKa
+ nK6,
2

"

•••

RjJ

'36'

•

expression for the L shell.

The Auger

electron yield is then given by 1-w.
For a particular shell, one calculates the x-ray
rates (Tx), the Auger rates (T^), and tien the fluorescence
yield which is given by

"shell

=

T
T +T.
X

*

A

The x-ray rates given by C. P. Bhalla (29) are

V1"*' • !I;2 npr

x

I C Vi Vfr

where i> is the greater of ^ and

dr

and k = wave vector =

(Ei-Ef)/c; Pn ^ and PR ^ are radial wave functions.
i i
f f
Auger transition rate for a particular J is

T (a"b)
A

~

2J+1
2(2£3+l)

(38)

The

2
2ir

< b| |a>
rij

(39)

where |a> is the initial state made up of two bound electron
wave functions designated by n1£1 and n2&2 and |b> the final
state made up of a bound state wave function n3&3 and a
continuum electron wave function kA^.
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The bound state and continuum wave functions are
determined in Bhalla's work by self-consistent Hartree-FockSlater approximations.

The T in the equation for Tx is a

weighting factor related to the number of vacancies in a
particular shell that involve themselves in a transition.
If the shell is full, T=1.

In cases where the final vacan

cies occur in different shells and where one of the shells
has m electrons when it could hold mQ, the Auger rate of the
filled shell is reduced by m/mo.

In cases where the final

vacancies are in the same shell, the full shell Auger rate is
reduced by [m(m-l)]/[m (m -1)].

Bhalla computes wave func

tions for each configuration and calculates the matrix
elements.
Outer shell defects are very important when comparing
experiment with theory.
drastic.

For the Ar,

t>2 3

shell, the change is

Table I shows the theoretical values as calculated

by Larkins (30).
Depending on the atom, the outer shell defects in
crease or decrease the fluorescence yield.

This effect has

been calculated by Fortner et al. (31) for the Cu atom
whose configuration is ls22s22p63s23p63d1°4s1.

Since for

x-ray transitions, the selection rule is AJL = +1, most
L-shell transitions are 3d-»-2p.

As the 3d electrons are re

moved both the Auger rates and the x-ray rates decrease about
the same way.

Therefore, initially the fluorescence yield
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Table I.

Estimated changes in fluorescence yield uiT
vacancy configurations of the Ar atom.

Atomic
Configuration

wT
x 101*
^23

Atomic
Configuration

for
23

a)T
x 104
1"2 3

[2p]

1.9

[2p,3s]

1.1

[2p,3p]

2.7

[2p,3s,3p]

1.6

[2p,3p2]

4.1

[2p,3s,3p2]

2.5

[2p,3p3]

6.9

[2p,3s,3p3]

4.3

[2p,3p^]

14.0

[2p,3s,3plt]

10.9

[2p,3p5]

40.0

[2p,3s,3p5]

53.9

[2p,3p6]

151.0

[2p,3s,3p6]

10"

remains almost unchanged, but decreases as more electrons are
stripped off.

After all the 3d electrons have been stripped

the x-ray transitions are 3s-*2p causing the 3p electrons to
be involved in the Auger process.

(They dominate in filling

2p holes via Auger transitions but are not involved in x-ray
transitions.)

Now as electrons are successively removed the

Auger rate drops drastically and the x-ray yield or fluores
cence yield increases.
The 2s vacancies produced are transferred to the 2p
levels very quickly by the Coster-Kronig transitions (32).
These are transitions between subshells of atomic shells that
have the same principal quantum number.

The initial vacan

cies can be shifted to a higher subshell before the vacancy
is filled by another transition.

Coster-Kronig transitions

also affect the fluorescence yield.

However most theoretical

values do not include them yet since the appropriate CosterKronig transition probabilities are not known.

Bambynek et

al. (33) discuss these corrections.
Radiative Auger transitions will also influence the
average fluorescence yield of a particular shell.

These

transitions involve the simultaneous emission of an x-ray
photon and an Auger electron from the valence shell.

X-ray

spectra indicate the presence of a lower energy x-ray line
near the main x-ray line constituting an intensity of about
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20% of total x rays.

Again theoretical corrections due to

these shifts (new lines) are lacking.
Plasmon Satellites
Our high resolution spectra contain some unidentified
satellites which cannot be explained by transitions between
the usual atomic energy levels.

One possible source of these

lines is from plasmons formed in a solid target.

These

satellite emission bands have been observed by electron
bombardment of various solids (8,9).

We produced them in a

solid C target bombarded with H+ and He+ ions.
Since the formal theory that leads to this explana
tion is quite formidable we do not include it here.

However,

thorough discussions of this effect are given in refs. (34)
and (35).

A simple explanation of this interesting phenome

non can be given in the following way.

The electrons (of

volume density n) in the solid (usually a conductor) are dis
placed through a distance x relative to fixed position of the
positive charges in the lattice.

The system is then polar

ized, which is given by

P

=

net

.

(40)

This leads to an electric field

E

=

-4ir?

(41)
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and the equation of motion of the charges is then

mx

=

eS

-4irne2x

=

,

(42)

which is an equation for simple harmonic motion with fre
quency Wp.

The plasmon energy then is given by

4ime2
m

hu
P

The plasmon occurs simultaneously with the filling of a Kor L-shell vacancy.

For C, energy losses calculated from

the above formula are 12.52 eV.
Summary
The theories discussed in this chapter were not al
ways specifically used in our experiments but it was impor
tant to understand the various mechanisms in order to be
guided in a sensible experimental study.

We have relied on

theoretical curves and numbers for cross sections, fluores
cence yields, and energy levels.
In some cases the theories are not accurate enough
to explain our results.

For example, in our high resolution

spectra, our wavelength (x-ray energy) values are good to
about 1 eV while theoretical values for various configura
tions are only good to about 2-3 eV.

Also most fluorescence
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yields involve only an average fluorescence yield for a main
shell whereas we need numbers for the various subshells.
It is obvious that before we can explain many of our
results, finer details need to be worked out by the theore
ticians.

CHAPTER 3
EXPERIMENT
Introduction
Many of the techniques that already exist for beamfoil spectroscopy have been applied directly in the x-ray
work.

The major difference obviously involves the detection

systems as the solid state detector and crystal spectrometer.
We will cover in this chapter the methods and problems in
volved in achieving the best resolution and signal-to-noise
ratio.

We shall discuss target chamber design and methods

of obtaining data.
All experiments discussed here were done with a 2 MeV
Van de Graaff.

Appropriate target chambers have been built

to study spectra from collisions in gas targets, solids or
thin foils.

A beam of singly-charged ions of desired energy

is obtained from the Van de Graaff, mass analyzed by a magnet
and directed into the chamber where the ions collide with a
gas, solid or foil.

Figure 10 shows the experimental station.

The study of the interaction is done with either a crystal
diffraction spectrometer (Bragg diffraction) using a flow
through type proportional counter or by a solid state (Si(Li))
detector.

The data are collected and stored in an Intertech-

nique Didac 4000 multichannel analyzer.
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CRYSTAL
SPECTROMETER
PROPORTIONAL COUNTER
TO SLIT STABILIZER

CRYSTAL

ANALYZED
BEAM FROM
VAN DE GRAAFF

TARGET
CHAMBERS

Figure 10.

SOLID
^STATE
DETECTOR
- KEVEX
MODEL
3010

Experimental station for x-ray studies.
Either target chamber can be used for gas targets or solid targets.
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Our basic target chambers are built so that different
"modules" can be plugged in for different experiments.

We

have two different target chambers set up in series on the
same beam pipe.

One is adapted to the crystal spectrometer,

the other to the solid state (Si(Li)) detector (Kevex).
figs. 11 and 12.

See

The experiment can easily be changed from

gas target to solid target by switching the entire target
mechanism which conveniently fits into either target chamber.
Solid targets are mounted at 45° to the beam (as in fig. 11)
on a wheel that can be rotated from the outside, making
selection of various targets convenient.

The target chamber

is coupled directly to the spectrometers.

A filter wheel is

used to prevent possible ultraviolet light or electrons from
entering the spectrometer.

Swarms of electrons created in

the chamber (photoelectrons, Auger electrons) have posed some
problems which were solved empirically by placing magnets
inside the spectrometer, the target chamber, and in the sec
tion connecting the target chamber to the spectrometer.
For gas targets we use a differentially pumped system.
A chamber into which gas is slowly leaked has a 1 mm entrance
hole for the beam and perpendicular to the beam is a mesh
supported window of thin (2000A - 10,000A) paralyne or poly
propylene.

(See fig. 12.)

The "gas cell" is maintained at

about 50 microns, a convenient pressure that does not affect
the vacuum in the rest of the system but yet gives enough ion
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Figure 11.

BNC TO
CURRENT
DIGITIZER

"Module" for solid targets..
Targets are mounted on a wheel and can be rotated
into the beam from outside. Filters are used
to absorb unwanted x-ray signal.
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Figure 12.

GAS
IN

TO VACUUM
GAUGE, THERMO
COUPLE, OR
MKS BARATRON

CURRENT
DIGITIZER

"Module" for gas targets.
In the interaction region gas pressure is main
tained at 50 microns. Thin (2000A - 10000A)
parylene or polypropylene windows are used to
maintain gas in the gas cell and to transmit
x rays.
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atom collisions for a good signal at this pressure.

The gas

is leaked into the system through a Hoke micrometer valve.
The pressure remains stable over long periods of time and can
be monitored by either a thermocouple gauge or an MKS baratron.

The pressure outside the "gas cell" is maintained at

10"5 torr.
When solid targets are used the target itself is a
current collector.

In both systems current is used to

trigger electronics for scanning the crystal spectrometer.
Sometimes as with the gas cell, the beam defining aperture
is very small and as the beam hits the metal surface copious
quantities of electrons are emitted, which affects the cur
rent readings in the Faraday cup.

Shielding the Faraday cup

has completely eliminated this problem.
Crystal Spectrometer
One of the convenient ways to study the soft x-ray
spectra (20A - 100A) is with the Bragg diffraction x-ray
spectrometer.
meters.

There are a number of types of crysal spectro

The most commonly used ones are the Johann,

Johansson, flat crystal, and variable curve spectrometers.
For very high resolution the double crystal spectrometer is
used.

We will briefly discuss each of these but describe

in most detail the variable curve type which is the one used
in these experiments.
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Not until the advent of "pseudo crystal" or "soap
films" was it possible to extend the range of the spectra
beyond 100A.

These "pseudo crystals" are formed by the

Langmuir-Blodgett (36) process where the d spacing (lattice
spacing) is produced by building up successive mono-layers
of metal stearates.

In this technique an organic solution

of stearic acid is added to water containing metal ions, and
molecules of stearate salt are produced at the surface of the
water which are oriented so that the hydrophilic ends of the
molecules dip into the water and the hydrophobic ends are on
top.

As a plate substrate (mica) is dipped into the solution,

individual molecules attach themselves to the plate with the
hydrophilic ends on top.

When the plate is pulled out of the

water another set of molecules attach themselves to the mono
layers but in the other direction.

Successive depositions

like this then form a "pseudo crystal".

In practice this

technique is not as simple as we have just stated since it
involves very much care in cleanliness, tension on the films,
and rate of deposition.
When a monochromatic x-ray beam of wavelength X is
directed at an angle 0 on a set of crystal planes of interplanar spacing d, the incident x-rays are scattered in all
directions from each plane.

However, the scattering is re

inforced only in certain directions and takes place only when
reflected rays from successive planes differ in path length
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by an integral number of wavelengths.

A detector placed at

these positions is used to obtain the signal.
For all types of crystal spectrometers Bragg's law,
or the fundamental law of x-ray spectroscopy, is applicable,
and is given by
nX

=

2d sin 0

(44)

where n is the order number, X is the wavelength in A, d is
the lattice spacing in A, and 0 is the Bragg angle.

This

equation arises from constructive and destructive interfer
ence from lattice planes, which makes the x-ray beam reflect
constructively only in certain directions from the crystal.
Table II gives a list of the 2d values, wavelength
range and a crude measure of reflection efficiency of the
various crystals we used.

The reflection efficiency for

different crystals varies quite a lot and a true measure
must be determined experimentally.
Some crystals (LiF, quartz, etc.) cannot be bent and
therefore can be used only in a flat crystal spectrometer.
These require very good collimation which is obtained by
using Soller slits.

But then, signals tend to be very weak

and not too useful for our type of experiments.
The spectrometer we use is a Johann type with a con
tinuously variable Rowland circle (focusing circle).

The

radius R of the crystal varies as a function of 0 as R =
L/(sin 0) where L is the distance from the crystal axis to
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Table II.

Properties of crystals used in crystal spectrom
eter.
The reflection efficiency is only a rough measure;
actual numbers need to be determined for each
crystal.

Lowest Energy
Detectable
eV

A

Reflection
Efficiency

LTC

156.0

120

103.32

Low

Lead
stearate

100.688

180

68.88

Average

KAP

26.632

680

18.23

Average

Mica

19.840

920

13

OO

2d spacing
(A)

Crystal

Low

the source and proportional counter.

In this type of spec

trometer the crystal is bent to a radius R with the Rowland
circle given by R/2, as shown in fig. 13.

This is a re

quirement set by the condition that each small element of
the crystal surface satisfy the Bragg condition.

Focusing

will not be perfect under these conditions as can be seen
from fig. 13.

In fact, a point source will produce a line

image which is somewhat out of focus.

Johannson attempted

to solve this problem by grinding the surface to the Rowland
circle.

(See fig. 14).

This technique is different since

it is hard to grind a perfect surface.

The ultimate align

ment requires positioning of the source and detector very
accurately.

For practical reasons, the variable curvature

Johann spectrometer is the most useful for our type of exper
iment.

The positioning of the source and detector do not

need to be perfect since the source can be focused into the
detector by flexing the crystal.

Focus is maintained auto

matically as we energy scan the spectrometer by rotating the
crystal.

The angle of incidence must equal the angle of re

flection to satisfy Bragg's condition; this is accomplished
by a series of gears which rotate the detector at twice the
rate as it does the crystal.

Figure 15 shows the relative

positions of the source, crystal, and detector, and shows how
the Rowland circle is varied as a function of detector posi
tion.

This is accomplished by continuously bending the

CRYSTAL

CRYSTAL

SOURCE

I

\

{DETECTOR \

,

V

SOURCE

/ DETECTOR

—

Figure 13.

Johann arrangement for spec
trometer.
The crystal is bent to radius
R, the Rowland circle is then
R/2. Focusing will not be
perfect in this arrangement.

Figure 14.

Johansson arrangement for
spectrometer.
For better focusing the
crystal is bent to radius
R and the surface is ground
to R/2. The grinding
brings the crystal planes
onto the Rowland circle.

Ln
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PATH OF PROPOR
TIONAL COUNTER

•

PROPORTIONAL COUNTER

SOURCE

CRYSTAL IN
TWO POSITIONS

ROWLAND
CIRCLE

Figure 15.

Changing the radius of curvature of the Rowland
circle.
The radius of curvature changes as R = L/sin 0.
The proportional counter follows the path as
shown; the source remains fixed.
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crystal by a cam which puts pressure on the center of the
crystal, and bends the crystal to a cylindrical surface.

In

this manner we are able to keep our source at a fixed posi
tion and keep the x-ray image in the proportional counter.
The resolution of the spectrometer is determined by
many factors:

geometry, size of the source, width of en

trance and exit slits, alignment of the line image with the
proportional counter, smooth mechanical motion of the crys
tal, the detector, and bending of the crystal.
erties also affect resolution.

Crystal prop

All crystals are considered

to be "mosaic" in structure in that only small sections of
the whole crystal are perfect crystals.

These pieces of

crystal are oriented at slightly different angles and deter
mine the so-called "rocking curve" of the crystal.

This

gives the actual width of the diffraction band due to crystal
imperfections.

Each crystal has a different rocking curve

which may range from 14 sec to 2000 sec of angle.

These

curves are measured with double crystal spectrometers which
illuminate the second crystal with monochromatic x rays.

The

rocking curve, traced out in this manner, determines the
practical resolution possible.

As for an optical grating,

the resolving power of a crystal is given by X/AX = N where
N is the number of layers that are useful for diffraction.
N is usually around 100-300 in the wavelength range of 10 to
80A, and this determines the absolute resolution.
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Certain peculiarities common to curved crystal optics
can be explained by figs. 16-20.

We see in fig. 16 that the

crystal produces a line image and in fig. 17 that rays
hitting the edge of the crystal hit the surface at angles
different from those required by the Bragg condition.

Figure

18 shows that the ends of the crystal will be outside the
focusing circle.

The radiation striking the ends of the

crystal will be incident at angles larger than the angle 6
at the center of the crystal.

This increase is given by A0'.

When A0' is combined with the decrease in angle A0 as the
rays move out of the plane of the focusing circle, we obtain
a locus of points where the rays will strike the crystal
planes exactly at Bragg angle 0 .

The points in the crystal

areas that satisfy Bragg angle have been worked out by
Ditsman (37), and have the shape of an x on the surface (see
fig. 19)

and satisfy a condition tan a = cos 0.

The cross-hatched section in fig. 20 marks the
extent of the deviation of the rocking curve, i.e., we can
consider diffraction of x rays from different angles by this
amount.

The width of the band on the crystal is the equiva

lent angular variation due to the mosaic structure of the
crystal.

This means we need not consider any other effects

unless they are outside these bands.

The observed line width

is determined by the angular width of these bands and is the
best that can be obtained for a particular crystal and

SOURC

LINE
IMAGE

CRYSTAL

Figure 16.

Bent-crystal producing line image from point
source.

CRYSTAL

0-A0
SOURCE

ROWLAND CIRCLE
Figure 17.

Ray hitting the edge of crystal is less in
angle than the ray hitting the center.'

CRYSTAL

Figure 18.

Johann type spectrometer with ray hitting the
end of the crystal is larger in angle than the
ray hitting the center of the crystal.
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0 <0

0>0

0>0

0<0

Figure 19.

Locus of points that satisfy Bragg condition in
the Johann type spectrometer.
This effect is due to an increase in angle when
the ray is approaching the end of the crystal
and decreases when it approaches the edge of the
crystal. It is shown by Ditsman (37) that
tan a = cos 0. Away from the locus of points
the incident angle is too large or too small
as shown.

Figure 20.

Equivalent spread in angle due to mosaic
structure of the crystal.
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diffraction from any other part will contribute to noise.
The regions of the crystal that contribute to unwanted signal
(background) are labeled on fig. 19 by the regions 0 < 0Q and
8 > 9q where the diffraction takes place at angles smaller or
larger than the Bragg angle.
By masking certain areas of the crystal it is pos
sible to pick a section with a somewhat smoother "mosaic"
structure and thus achieve a better "rocking curve".

Since

unwanted reflections occur from certain parts of the crystal,
these areas if discovered can be masked to improve resolution.
A broad source provides rays incident on the crystal
at many different angles and therefore a broad image is
formed at the Rowland circle.

This lack of collimation

broadens the spectral lines as well as creates background
noise.

Collimation is especially important when using broad

x-ray sources.
Similar to the optical gratings, the dispersion of a
crystal is given by

3X

=

5L_ .

2d

1

cos 6

*

(45)
L4:>J

We can see that as 2d decreases d0/dX increases and for a
specified energy (wavelength) the best dispersion occurs at
large 0 angles and the crystal with 2d values slightly
larger than the wavelength.

Since the angular width
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(20 width) of a line is the same for all wavelengths, the
resolution is poorest at small 0 angles.
The choice of crystal for the spectrometer depends
on the desired dispersion, wavelength range, reflection
efficiency and the narrowest rocking curve.

Often one must

sacrifice a good rocking curve for high reflection efficiency.
Another source of background signal comes from fluo
rescence of the crystal itself from illumination by both
x rays and electrons from the target chamber.

The electron

problem can be eliminated by deflection with magnets.

The

fluorescence can sometimes be decreased by filters or, depen
ding on the energy of the fluorescence, can be eliminated by
pulse height selection.
Paying attention to all the above mentioned details
we have obtained spectra with line width (FWHM) of less than
1.5 eV with lead stearate and KAP crystals.
Alignment of Spectrometer
Alignment of the spectrometer is most easily done by
looking at x rays formed by electron gun bombardment of vari
ous metal targets, or using other x-ray sources if available.
We calibrated by using Cu Ka^ and

x rays.

The electron

gun and target are placed in an evacuated target chamber and
the target chamber is sealed from the spectrometer by a mylar
window.

With the x-ray source in operation all adjustments
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are easily made inside the spectrometer which can be opened
to room pressure.
The steps in the alignment procedure for obtaining
the best resolution are:
1.

Initially a mica crystal is used and a He Ne

laser is aimed at the crystal; this produces a line image.
The line image formed at the proportional counter is adjusted
to be parallel to and in the center of the proportional
counter window.
2.

Checks are made to keep the image in the propor

tional counter as it is made to scan over 26 angles.

It is

important that the image remain also in focus over the whole
29 range.

If not, readjustments need to be made on the

crystal flexing cam.
3.

When the above seem satisfactory the electron gun

is set up to produce Cu x rays.

We readjust for best resolu

tion and then adjust the slit widths (both entrance and exit)
to separate Cu KQi and Ka2 lines.
4.

Improvement of the resolution for the low energy

x rays becomes somewhat black magic.

The mica crystal is re

placed by a lead stearate one and we observe the C Ka x rays.
Minor adjustments are made for peaking the signal.

Picking

various sections of the crystal provides sections that pro
duce the narrowest line (smallest FWHM).

This can be done

by masking the crystal or by collimation at the source and
detector.
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These steps provide a guide for alignment, but best
results are obtained by tedious adjustments.
Detectors for Crystal Spectrometer
After the radiation has been diffracted it is de
tected in some type of detector.

We have attempted the use

of a channeltron and a proportional counter.

Low energy

x rays require the use of very thin windows.

The efficiency

of the proportional counter is determined mostly by the win
dow material.

The counter we use is made from a 2.5 cm cyl

inder, with .5 mil center wire and an entrance window 1 mm
wide by 4 cm long.
We used window materials of mylar, formvar, collodion,
polypropylene, and parylene.

The parylene windows were sup

plied commercially; the others were rather easy to make.

The

very excellent transmission qualities of polypropylene make
it one of the more useful window materials.

Polypropylene

can be bought commercially in 1.5 mil thickness.

We used an

idea suggested by C. Y. Fan (38) to make thin polypropylene
windows.

A vacuum chamber with a 10" opening is covered with

the polypropylene.

As the chamber is slowly pumped, the

polypropylene stretches until it covers the chamber walls.
At this point the thickness is about 10,000A.

We repeat the

process by selecting a good section from the "stretched"
polypropylene.

The second stretching, if it does not break,

achieves a thickness of around 3000A.

The thicknesses are
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determined by weighing the window material.

Figure 21 gives

a curve for the relative transmission characteristics of our
system which includes crystal reflectivity (39) and absorp
tion of the windows (40).
Collodion windows are also useful.

These are easily

made by putting a drop of collodion on water.

After it

spreads over the surface and hardens it can easily be
picked up with a wire loop.
The absorption effects are taken into account by the
equation I = IQ e

where I

is the x-ray intensity at the

surface, I the observed intensity after penetrating a thick
ness x.

The value for y is determined from the mass absorp

tion coefficient (y/p) where p is the density of the material.
The mass absorption coefficients found in the literature
(40-42) were used.
Most thin windows on propotional counters lead and
therefore the counter must be replensihed with the gas supply.
These are called "gas flow" proportional counters.

Their

principle of operation is identical to a sealed proportional
counter.
The small diameter center wire in the counter pro
duces a very high electric field in a small volume (near the
electrode) where most ionization takes place.

Because of this

the multiplication (avalanche) is independent of the part of
the chamber in which the inital electrons are produced.
number of primary electrons produced is n =

E /££*
0

The
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Relative efficiency of the spectrometer.
Corrections are given for various combinations of windows for pro
portional counter and gas cell and crystal reflectivity.
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energy of the x-ray photon and
potential.

is the effective ionization

The gases we normally used are Ar and He which

have effective ionization potentials of 26.4 eV and 27.8 eV
respectively.

The gas amplification is given by

A

'

£

(«rE7J >

Pa)

"6)

and depends on the nature of the gas.

Here VQ is the volt

age, P the pressure, a the radius of the wire, b the radius
of the cylinder.

The actual multiplication is a function of

many parameters and can only be determined experimentally.
Gold and Bennet (43) discuss these properties.

Since we use

the proportional counter only as an x-ray detector, we do not
always operate it in a region where it is linear.

The bias

voltage (1500 - 2300 V) is adjusted so that the lowest energy
x rays we want are above the noise.

Even though the counter

is not used in its true proportional region, it is still
possible to pulse height discriminate either the high or low
energy pulses.

This helps determine some of the second order

(higher energy) spectra that are diffracted from the crystal
into the same directions as first order.

Specularly-reflected

ultraviolet light from the crystal can be eliminated in a
similar way by adjusting the lower level discriminator or by
using filters.

The pulse size depends on x-ray energy and ranges
from 1 mV to about 50 mV.

Their widths are about .2-.4 ysec.

Although count rates up to about 50K counts/sec are possible,
we never exceed ^ 6K counts/sec in order to keep pileup
effects negligible.

An equation that estimates the true

count rate from the measured count rate and dead time and
takes into consideration pileup is

Rt

=

lArr
m

•

Rt
+ is true count rate and R
m is measured count rate and T
is the dead time. The true counts at 6K counts/sec are then
within 1% of the measured counts.
In order to amplify the small pulses, we experimented
with several kinds of amplifiers.

We initially used charge

sensitive amplifiers but our best results have been obtained
with a very low noise voltage preamplifier and a pulse
shaping amplifier.

The preamplifier is a home-made type

using a Motorola MC1552 video amplifier I.C. chip.

The pre

amplifier is built into an insulated box using a battery
power supply to eliminate powerline noises and pickup from
various other sources.
The typical set up is shown for the electronics in
the block diagram in fig. 22.

The crystal spectrometer is

scanned with a stepping motor which is stepped after a pre
determined number of beam particles (beam current) have hit

Figure 22.

Block diagram of electronics.
The linear gate is used to block signal when the motor is turning
or when current is above or below a certain range. The motor
rotates the crystal and moves the proportional counter.

HIGH VOLTAGE SUPPLY
ORTEC 456
PROPORTIONAL
COUNTER
cppr_

PREAM
PLIFIER
X RAYS

rROSCOPY
AMP
DRTEC 452

SCA
TENNELEC
TC 214

MULTI
CHANNEL
ANALYZER
DIDAC 4000

CHANNEL
ADVANCE

BEAM
FARADAY
CUP

DIGITIZED
CURRENT
SCALER
CURRENT
TIMER
DIGI
TENNELEC
TIZER
TC 555P
CURRENT
LEVEL "
BLOCK

MOTOR

MASTER
OUTPUT
LINEAR
GATE
ORTEC 426

Figure 22.
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Block diagram of electronics.
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the target.

Normalizing in this way insures that each data

point in the multichannel analyzer is produced by the same
number of beam particles hitting the target.
Data Accumulation
with Crystal Spectrometer
Using fig. 22 we will describe the step by step
process:
1.

Signals from the proportional counter are ampli

fied by the preamplifier, and then pulse shaped and further
amplified by the spectroscopy amplifier (Ortec 4S2).

The

signal then goes to the SCA (Tennelec TC214) where we can
discriminate the low and high energy ends to suit our parti
cular purposes.
2.

The signal passes through a linear gate to the

Didac 4000 multichannel analyzer if the gate is open.
3.

In the meantime current from the Faraday cup goes

to a current digitizer which gives a digitized count rate
proportional to the current.

The digitized signal is fed

into a sealer-timer (Tennelec TC555P) which triggers a pulse
when a certain number of pre-set counts have been reached.
This pulse goes to the motor circuit and advances the
stepping motor a pre-set number of steps (i.e., rotates the
crystal and the proportional counter).

The pulse length is

a little longer than the time for the motor to advance to the
next position so during this time it gates off the current

digitizer and the signal to the Didac 4000.

After the step

ping motor has advanced, a pulse advances the multichannel
analyzer one channel.
4.

The current digitizer meter relay can be adjusted

so that data are collected only within a certain range of
current.

When the current falls below or goes higher than

a certain pre-set level the motor circuit and the x-ray sig
nal are turned off.
This procedure has simplified many of the normaliza
tion problems making data collection very reliable and of
high quality.
Each spectrum is scanned a number of times and com
pared with previous scans before it is added to the multi
channel analyzer memory.

When long collection times are

necessary, this procedure prevents data from being lost due
to unforeseen problems.

All data collected with this system

have been obtained in this manner for both solid and gas
targets.

One set of data consisting of Ar L x-ray spectra

due to proton bombardment required nearly a week of running
time.

This involved storing close to 100 scans.

Other situ

ations as Ar+ on Ar, where production cross sections are
fairly high, require only about 5 scans to get good sta
tistics.
Only relative efficiencies of the system are reason
ably well known.

In order to do absolute cross section
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measurements and fluorescence yield measurements, the system
will have to be calibrated for absolute intensities.

David

son and Bickel (44) have developed absolute intensity mea
surements for the visible and ultraviolet region.

It is

possible to extend their technique into the vacuum ultra
violet and x-ray region by using branching ratios.

Until

that is done, absolute measurements can be uncertain by as
much as several orders of magnitude.
Solid State Detector
Some of our experiments have been carried out with a
solid state Si(Li) detector (Kevex Model 3010).

The very

high efficiency makes these detectors extremely useful for
survey work, contamination studies, and situations where
efficiency is more important than resolution.

Because of

the complex technology required for the development of these
detectors, the perfection of them is left to the commercial
companies.

There is very little an experimentalist can do

to improve their resolution.

We shall explain the basic

operation and properties of the detector used in our labora
tory.

Some observations can be made only with this type of

detector, as we explain in the discussion of the molecular
orbital x rays.
We used a Kevex model 3010 solid state detector with
a 1 mil Be window.

The preamplifier is of the pulsed feed

back type, and this eliminates much noise inherent in other
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types of amplifiers and improves resolution.

The system

uses a pulse pileup rejection and live time correction
circuit which also improves the resolution and reduces back
ground noise.
The basic operation of a solid state Si(Li) detector
involves the production of electron-hole pairs.

The number

of these pairs is proportional to the energy of the x-ray
photon.

A bias applied to the semiconductor sweeps off the

charge (electron and hole) to produce a charge pulse.

When

no electron-hole pairs are produced there is no current in
the semiconductor.

The resolution of the semiconductor is

determined by the size of the band-gap (1.1 eV for Si) of
the crystal.

The larger the number of electron-hole pairs

created by a given photon energy, the easier the separation
of two closely spaced x-ray energies.
It is observed empirically that the solid state de
tector resolution is better than statistical considerations
predict.

A fudge factor (totally experimental) is used to

give the FWHM for a particular energy x-ray peak.

Using this

fudge factor (F), called the Fano factor, the FWHM = 2.35/FeE
eV
where E = energy
*—••=
.—.
z
67 in keV and e = —=
electron-hole pair
total resolution for the whole system is given by

FWHM

=

/(FWHM)^oise + [2.35/FeE]2

The

(48)
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There are various detector peculiarities which impair
their performance.

These are similar to the various orders

that occur in the crystal spectrometer.

For example, inelas

tic scattering of x-ray photons creates Compton edges and
Compton edge continua.

This background is caused by the

escape of photons scattered from the detector and by lower
energy Compton scattered photons.

Other types of escape

peaks also affect performance.
When x-ray photons hit Si, Si K x rays produced might
produce electron-hole pairs at the energy of the Si K.

How

ever, if the Si K x ray escapes from the detector an extra
peak is created with an energy of (E-1.74) keV.

These

effects contribute "new lines" that can be as intense as 1%
of the main peak intensity, so one should be aware of them.
Since tables of these escape peaks are listed in the litera
ture (45) we do not include them here.
The efficiency of these detectors is a function of
the thickness and area of the crystal and the presence of
dead layers on the surface and the entrance window.

The

absorption properties of a crystal determines its efficiency.
For example, Ge being a higher Z element than Si has better
absorption qualities for higher energy photons.

Efficiency

curves for our detector are given in the Kevex manual.
Selective collimation of the solid state detector can
also increase resolution and decrease background problems.
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When the electron-hole pairs are produced near the edge of
the detector there is incomplete charge collection - a prob
lem especially serious with small detectors.

This problem

can be solved somewhat by changing the geometry of the
detector and using anti-coincident circuits for the. socalled anti-coincidence guarding detector (45).
The resolution of the entire system is also highly
dependent on the electronics.

One of the largest sources of

electronic noise is generated by the preamplifier.

This

noise can be reduced by an optical feedback preamplifier.
Although resistors have been used in the feedback loop to
discharge the integrating capacitor, they created noise.
Therefore a special field effect transistor (FET) that is
sensitive to light is used.

When a light pulse hits the FET

drain gate junction, it will short and discharge the capaci
tor.

Therefore, the FET circuit is allowed to build up

charge, but is discharged by a light-emitting diode when the
charge build up begins to affect the performance of the FET.
Pulse shaping is done in the main amplifier which
broadens the pulse and in effect works as a filter for high
frequency noise.

Problems of pileups of pulses thus created

must be eliminated and can be drastically decreased by a
pileup rejector.

The rejector inspects the leading edge and

the trailing edge of a pulse, and rejects it if it is dis
torted.

The only pulses that are in perfect coincidence with

each other are not rejected and give a double energy pulse.
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The detector is switched off when either the pulsed
optical feedback preamplifier is resetting or when the pulses
are not being counted due to pileup.

Therefore a live-time

corrector is used in conjunction with the multichannel ana
lyzer to extend the collection time for analyzing the signal
in the multichannel analyzer.

If the analyzer is set for a

pre-set time, the live time correction will make the analyzer
count longer to compensate for time lost.
Increased count rate affects the d.c. level or base
line of the electronic system which in effect shifts the
energy peaks and affects the resolution.

Using longer time

constants in the amplifier can increase resolution but these
seriously affect the count rate capabilities.

The details

concerning these phenomena are supplied by the manufacturers
for each specific instrument.
The solid state detector is coupled directly to the
vacuum of our target chamber.

Since the 1 mil Be window is

very fragile, care should be taken not to "pop" the window
when pumping the system.

If the window "pops", the detector

needs to be replaced.
The bias voltages were kept in the range between
900 and 1300 V.
This type of system is very easy to use once the
electronics are adjusted and the system is calibrated.
Calibration is usually accomplished by using 3 accurately

known x-ray energies and plotting a curve of channel number
as a function of energy.

CHAPTER 4
RESULTS AND DISCUSSION
In this chapter we will give the experimental results
and discuss how they are related to theory.

In some cases we

also discuss details of a particular experiment.
Study of Ar L Shell
In this experiment we studied the Ar L shell and the
parameters related to the fluorescence yields.

The charge

states of Ar produced by bombardment with 100 keV to 1 MeV H+
and He+ projectiles are studied by examining high resolution
L x-ray satellite spectra.

Comparison of x-ray data and

Auger electron data shows large differences in charge state
populations.

Due to the very low yield of x rays from gas

targets bombarded with H+ and He+ the collection time for
data for the entire experiment was about one month.
A number of experiments have been done to study the
fluorescence yields of the Ar L shell (46-48).

The results

of all of these experiments are in disagreement.

Our data

which involve a high-resolution spectroscopic study of the
Ar L x-rays give some insight into this problem.
Saris and Onderdelinden (47) found for ion-atom
collisions that the fluorescence yield is dependent both on
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the projectile ion and the impact energy.

They calculate an

x-ray cross section for this kind of collision.

Fortner and

Garcia (48) use this data along with Auger measurements of
Cacak et al. (49) and Ogurtsov (50) to obtain a mean fluo
rescence yield

a)

=^ •
A x

(49)

They also determine a mean fluorescence yield using high res
olution x-ray spectrometer data of Cunningham et al. (51).
A semi-empirical mean fluorescence yield can be determined
from the relative x-ray intensities and theoretical values
for fluorescence yield.

Comparison of these two results

shows a variation by a factor of 5.
Saris and Onderdelinden use only a proportional
counter for x-ray detection.

The 6 ym Mylar window that

they use is much more efficient in transmitting the higher
energies than the low energy x rays.

Our high resolution

x-ray data indicate that in addition to the normal 220 eV
line there are also 3d-2p transitions at 260 eV which lie
in the higher efficiency region of their window.

The pres

ence of these lines would certainly contribute to an error
in cross section x-ray production and thus to the fluores
cence yield.

Also measurement of x rays as an average yield

over the range of 210 eV to 280 eV will distort the effects
of M shell defects to the fluorescence yield.
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Stolterfoht et al. (46) calculate fluorescence yields
from observed charge state fractions and theoretical fluores
cence yields.

They determine a mean fluorescence yield which

is given by
"theor

*

? *i ">CL23M1J

(50)

are the charge state fractions and cofL^M1) is the

where

fluorescence yield for the L23 shell with i M-shell vacan
cies.

Their technique is plagued by noise at low energy

energy which destroys evidence of the higher charge states.
Our experiment points out that many more higher charge states
are present than indicated by Auger electron experiments and
their presence may lead to the wrong numbers for fluorescence
yields.
In our study, Ar L-shell spectra were excited by
+

+

bombarding Ar gas at 50 microns with H , H2, and He

+

pro

jectiles accelerated to energies between 100 keV and 2 MeV
with a 2-MeV Van de Graaff generator.

The spectra were ana

lyzed with a gas-flow proportional counter and a bent, leadstearate crystal spectrometer with resolution of 1.5 eV full
width at half-maximum (FWHM).

The spectra were deconvoluted

to determine the energy and relative intensity of satellite
lines after corrections were made for detector sensitivity,
crystal reflections (39), and window absorptions (40).
corrected data are shown in fig. 23.

The

I MeV He*—Ar

>
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z
UJ

5 MeV He*—Ar

tz

26

MeV He*—Ar

_J

tii
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H

in

(VI
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Figure 23.

Ar L-shell x-ray spectra produced by impact
H+ ions and He+ ions for various incident
energies.
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The deconvolutions are carried out in the following
fashion:
1)

The data are first corrected for crystal reflec

tivity and window absorption.
2)

The data are then plotted on semi-log paper.

This accentuates the low intensity signal.
3)

Using the known angular width of each spectral

line we position the "well known" lines on the graph.

The

angular width of a spectral line is the same over the whole
spectral range; the width in terms of energy however varies
for each spectral line.

We estimate the intensity of the

"well known" lines and draw them on the graph.
4)

Using theoretical estimates as a guide for all

other possible spectra lines, we add the spectr to reproduce
what is observed in the experiment.

This may require many

trials and changes in the energy and intensity of each of
the "lesser known" lines.
5)

The energies obtained in this fashion are listed

in tables III and IV.

From this data we also estimate the

charge state fractions.
A computer program will be developed for this purpose
but until more accurate input for the x-ray energies can be
obtained from the theoreticians, these methods prove to be
quite accurate.
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Table III.

Fractions of Ar x rays produced by impact of H+
ions and He+ ions.
The listed x-ray energies are obtained from a
deconvolution process using the FWHM of 1.5 eV
for the spectral lines. Energies labeled with
* were used to calculate charge states. Uncer
tainties in these values are about 30%.

Energy
(keV)

H+ ions

He+ ions

X(eV)

150

250

500

260

500

207.7

.042

.042

.026

.009

.012

.009

209.7

.065

.076

.049

.016

.024

.020

212.5

.055

.067

.058

.019

.028

.023

214.6

.015

.022

.031

.010

.019

.012

216.8

.015

.033

.068

.021

.017

.017

218.5

.038

.054

.092

.025

.022

.025

*220.0

.127

.145

.167

.057

.049

.039

221.6

.089

.048

.052

.057

.067

.051

*222.9

.147

.163

.163

.096

.085

.065

224.8

.108

.062

.051

.126

.117

.091

*227.0

.073

.079

.049

.102

.100

.088

229.8

.034

.019

.028

.097

.093

.071

*231.8

.029

.033

.023

.063

.065

.055

234.0

.018

.004

.055

.046

.056

*237.4

.018

.013

.024

.033

.046

.022

1 MeV
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Table III--continued.
Energy
(keV)

H+ ions

v

X(eV)X

150

250

He+ ions
500

239.4
*243.7

.017

.012

.017

245.0

260

500

1 Mel

.019

.026

.050

.019

.034

.061

.017

.020

.049

.012

.022

247.5
*250.8

.007

.006

.007

.007

.008

.014

253.9

.008

.006

.009

.007

.007

.011

256.0

.023

.025

.020

.007

.007

.012

262.0

.028

.034

.028

.023

.015

.016

267.1

.024

.030

.031

.043

.028

.023

272.1

.017

.024

.023

.040

.028

.018

275.0

.007

.003

.004

.026

.017

.020

278.4

.015

.012

.016

282.4

.003

.008

.015

Table IV.

Relative fraction of Ar charge states, q, produced by H+ ions, and He+ ions
Uncertainties for these charge states are about 301.

Ion

Energy
(keV)

^0

*2

<*3

%

«5

^6

statistical stripping
H+

He+

150

.36

.40

.16

.05

.018

.007

.0008

250

.37

.40

.16

.05

.012

.0054

.0005

500

.44

.41

.10

.009

.009

.007

.0007

260

.21

.33

.29

.13

.03

.011

.0009

500

.19

.31

.30

.14

.045

.02

.001

1000

.17

.27

.30

.14

.07

.04

.001

150

.46

.37

.12

.03

.009

.003

.0004

250

.47

.37

.12

.03

.006

.002

.0003

500

.53

.37

.07

.02

.009

.003

.0004

260

.30

.35

.24

.09

.016

.005

.0005

500

.27

.33

.26

.099

.015

.009

.0005

1000

.26

.30

.27

.101

.04

.02

.001

sequential stripping
H+

He+
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Low energy x-ray data for H+ at 100-300 keV were ob+
+
tained using data for H2 or H3 particles at 2 or 3 times the
listed H+ energy.

We have shown previously in our experiments
*4*

4*

that Ar spectra taken with projectiles H , H2, and H3 moving
at the same incident atom particle velocity are similar.
Lewis, Natowitz, and Watson (52) have experimentally
shown that the cross sections due to He+ relative to D+ are
different.

The core charge in one case is 2, in the other 1.

They observed a Z2 dependent change in cross section.

Our

experiment shows that the x-ray yield is higher with He+ than
H+, and that the overall spectrum is different.

McGuire and

Mittleman (53) have previously suggested that possibly some
of the observed dependence is due to a change in fluorescence
yield.

These changes arise from excitation of the shells

from which vacancies are filled simultaneous to the inner
shell vacancy production.

These effects are certainly

apparent in fig. 23.
Theoretical calculations (54) give the energies of
the x-ray satellite lines whereas the experimental data give
the fraction of x-ray photons belonging to each charge state.
Table III lists these fractions obtained after the data were
corrected for crystal reflectivity and window absorption. All
x-ray energies obtained from our deconvolution are listed.
Deconvolutions were carried out using theoretical values of
transitions with various valence electrons missing.

These
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energies, which are presently the best ones known, are used
in our deconvolutions along with other theoretical estimates.
They are labeled with asterisks in our data.

Convoluting the

measured half width (1.5 eV) for the spectrometer with the
observed data, we made reasonable estimates for the energies
and intensities for these transitions.
accurate to within 1.0 eV.

The energies are

The listed x-ray energies without

the asterisks in the range 218 - 256 eV we assign to 3s-2p
transitions in ions with valence electrons in various excited
states.

The x rays with energies from 262 - 282 eV are pro

bably the 3d-2p transitions whereas the energies 245.0 and
247.5 eV are most likely from transitions in ions with two
L-shell vacancies.

There are also cascade contributions from

multiple L-shell vacancies that enhance the x-ray yield from
the charge states q3, q^, q5, and qg.

We have considered

assigning the initial- and final-state configurations.

How

ever, presently known theories give values for transitions
that are correct at best to 2 or 3 eV, while our observations
are accurate to 1 eV.

Therefore it becomes very difficult to

assign any configurations.

Until better theoretical esti

mates become available we choose not to include any tenta
tive configurations in this work.

Figure 23 shows the inten

sity of these lines increasing with incident particle energy.
We get the relative fraction of the corresponding chargestate populations from data in Table III by using theoretical
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values for fluorescence yields (55).

Since there are no

reliable values for fluorescence yields for the lesser-known
transitions we have used only the data with the asterisks to
determine our charge states.
L-shell fluorescence yields have also been investi
gated experimentally (46-48) and discrepancies with theory
have not yet been resolved.

Since the calculated changes in

fluorescence yield due to stripping agree well with simple
statistical scaling ideas, the relative values can be correct
even if the absolute values are not.

In any case the only

complete set of fluorescence yields available to us is the
theoretical set.

Table IV gives the charge-state fraction.

The two values given for each x-ray energy correspond to
whether the electrons are considered to be statistically or
sequentially stripped.

For example, the electrons can be

stripped from the M shell sequentially in order of increasing
binding energy or statistically by distributing the vacancies
in 3s or 3p subshells.

In both cases the energy of the x ray

emitted depends only on the total number of electrons in the
3s and 3p shells.

However, the fluorescence yield depends on

the distribution of electrons in the s or p subshells (54).
For the He+ case whether one considers the difference between
electrons sequentially or statistically stripped produces a
maximum variation in charge state of 50%; for the H+ case,
about 28%.
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The charge-state populations reported here are dif
ferent from those predicted by Stolterfoht, de Heer, and van
Eck (46) who used Auger-electron data.

In Auger spectra,

lines are shifted to lower energies and their intensity de
creases as the number of outer-shell vacancies increases.
Also the secondary electron noise increases as energy de
creases.

In the extreme case, for charge state q7 the Auger

rate is zero.

Detection of these weak signals under high

noise conditions becomes quite difficult.

In x-ray spectra,

however, the satellites shift to higher energies and the
photon intensity increases (i.e., the fluorescence yield
increases).

In this region therefore, Auger electron data

suffer from intensity loss while x-ray intensity is enhanced.
It is especially important that accurate signal-to-noise
measurements be made in Auger experiments.

The Auger-

electron experiment done with Ne might give insight into how
much of the low-energy "noise" is really noise.

Our x-ray

data indicate that there should be Auger electrons even at
these low energies.
Some very recent Auger electron experiments by Rudd
(56) using a detector with somewhat inferior resolution but
higher sensitivity has shown that some signals do appear
above the noise which indicate
states.

the presence of higher charge

These results agree with our observations.
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Our data show that charge states up to 6 and possibly
7 are present.

Since the lowest-energy 3d-2p transition

overlaps with q7, it is difficult to extract the q? fraction.
The proton-induced spectra are only slightly energy dependent
in the same energy range of 0.25 to 0.5 MeV, while the He+induced spectra show very large energy dependence.

The spec-

tran with protons show more qQ and q1 at higher energies than
the spectra with He, but the fractions vary very slowly with
energy.

Figure 23 and table IV definitely show that He is

more efficient than protons in producing the higher charge
states and in exciting the outer valence electrons.

In the

He case the x rays from the 3d-2p transition become a signi
ficant percentage of the total x-ray spectrum.

Since

Stolterfoht, de Heer, and van Eck's Auger-electron data ( 4 6 )
2
show only qQ and qx, their quoted large value of w(L23M ) may
be in error.

The x-ray yield from transitions other than the

3s-2p belonging to charge states qQ and qj is quite large and
contributes to their apprarently large fluorescence yield.
Our charge-state analysis relies on the theoretical
values of the relative fluorescence yields.

However, the

relative x-ray signals can be directly compared to their
Auger counterparts, if the Auger data can be obtained.

This

would provide a direct test of the theoretical values.

Even

without a complete set of relative Auger intensities, accu
rate total cross-section measurements for both x-ray and Auger
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emission combined with these data would go a long way towards
establishing the reliability of the theoretical calculations.
The discrepancies between x-ray and Auger data are
fundamental and important enough to warrant more careful cal
culations and measurements of both electron and x-ray total
cross sections.

These techniques are complementary and both

should be used to determine the charge-state fractions.
We feel more high-resolution work is needed on the
x-ray spectra in the range 200 to 280 eV.

In addition, more

accurate theoretical calculations for energies and fluores
cence yields for the transitions with excited valence elec
trons and double L-shell vacancies would help the under
standing of the problem significantly.
Study of B K Shell
The next group of experiments will describe the
applicability of the Fano-Lichten molecular orbital model
for atom-ion collisions.

The first of these involves the

production of B x rays by impact of 1 MeV B+ -*• AT or CH^.
The experimental details are the same as for our previous
experiment.
We observe in the x-ray data the production of double
K shell vacancies due to a single collision.

Most previous

double vacancies have been observed in solid targets where
multiple collisions provide the dominant mechanism for this
production.

To our knowledge, this is the first time the

95

double vacancy production has been observed in a single
collision via the 3do orbital..
These data also show B x rays for H-like (one elec
tron), He-like (two electron), and Li-like (three electron) B.
Theoretical calculations of x-ray transitions for H-like and
He-like B exist and the experimental data agree favorably
with them.

Figure 24 shows the spectra and table V gives

the experimental and theoretical energies and the probable
configurations.

B spectra are very "clean" because of the

small number of electrons and therefore the small number of
possible transitions.

Because of its relative simplicity B

is a good atom to use for further high resolution work which
is necessary for the understanding of inner shell excitation
and the molecular orbital model.
Experimentally we observe that Ar or CH,. bombarded
with B+ give essentially the same spectra, a result which is
predicted by the molecular orbital model.

Figures 6 and 7

show that the electrons can be promoted by the 3da
in the Ar case and the 2pa in the CH^ case.

orbitals

The formation of

the double K-shell vacancy is possible when the upper level
has at least two vacancies or when the impact is non-adiabatic causing many levels to couple.

Possibly one could tell

which mechanism is most effective for the ionization by
determining the energy dependence of the total cross section
for the K shell.

In some cases, x-ray experiments may be
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Figure 24.

Typical B x-ray spectra obtained by 1 MeV
B+ •* Ar.
At the top of the figure the energies of one-,
two-, and three-electron B are given. The marks
above the lines indicate single K-shell vacan
cies; those below the lines represent double
K-shell vacancies.

Table V.

Calculated and observed energies for one- and twoelectron B.

Experimental
Energy

Theoretical
Energy

Is 0 2p * -> Is1

255. 2

255.2

Is12p*

-v lS 2

205.5

205.6

ls^p1 -> Is2

235.7

235.4

Configuration

IsMp1 -> Is2

245.8

ls^p1 -> Is2

250.7

ls°2s2p(3P) •> Is1 2s1(3S)

248.3

Is 0 2p2(3P) -> Is^2p1(3P)
ls°2p2(^D) -• ls^p^P)

247.8

247.7
247.1
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fruitless because at least one 2p electron is needed for a
transition, but we do not know the energy dependence for the
probability of having a 2p electron in the atom.

Also, when

the L shell is fully ionized we have no x-ray production at
all.

Consequently, the x-ray yield is not proportional to

the cross section for K-shell vacancy production.

Therefore

a complete understanding of this problem will require that
Auger measurements be made also.

The cross sections as a

function of energy would depend on whether adiabatic or
dynamic coupling exists.
The 3da orbital as shown in fig. 6 is a rapidly
rising orbital and the interaction may therefore be nonadiabatic.

This predicts that the x-ray production cross

section should increase rapidly initially at some small en
ergy range and then approach a constant value, as in the Ar
L case.

See ref. (23).

On the other hand if the interaction

turns out to be non-adiabatic, the ionization cross sections
would tell the difference between two types of mechanisms.
In this same experiment other new spectra were ob
served.

Calculations exist for one-electron B and two-

electron B but none for three-electron B.

The spectra we

observe differs from what is predicted for H-like and Helike B.

Therefore we assume the spectra belong to Li-like B.

See fig. 24.

Energy estimates and configurations were later

suggested by Garcia (57) and are given in table VI.
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Table VI.

Tentative identification of the three-electron
B series.

Tentative
Configuration

Energy
Observed

ls^p2 -> Is22p1

194.2

1s^ 2s1 2p1 -> ls^s1

198.5

1s12s ^ 3p1 -> ls^s1

219.7

ls12s14p1 -> ls^s1

227.0

Is°2s22p1 -> ls^s2

242.6
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Cross Section Studies of
Ar+ -» Ar,
Ar, and Cft+~ C&2
These experiments involved the following ion-atom
collisions:

Ar+ •> Ar, CA+ -»• Ar, and C£+ -*• C&2.

The results

of these experiments show the usefulness of the molecular
orbital model in explaining the observed spectra.

Molecular

orbital diagrams are shown in fig. 9 for the C£+-> Ar system.
The qualitative picture for symmetric collisions is the same
for CJi+ -*• C&2 and Ar+ -*• Ar and is

given in fig. 5.

A cross

section vs. projectile energy curve is determined for Ar L
x-ray production by CJl impact.

We also determine total L

x-ray cross section vs. projectile energy curves for C£+ -»• Ar
and Ar+ -*• Ar which indicate that the fluorescence yield
changes as impact energy increases.
felcted in the cross section curves.

These changes are re(See fig. 25.)

Also, from the above experiments we have been able to
determine some experimental values for fluorescence yields.
The most likely way of producing Ar L shell vacancies
in C£+ and Ar collisions in terms of the molecular orbital
picture is by assuming that non-adia.batic terms allow mixing
of the 2p levels of CI and Ar and then the 4fo promotion
would produce Ar L-shell vacancies.

(See fig. 9.)

Cross sections for x-ray photon emissions are usually
determined from the following formula:

0x

=

Nx
M-*T
N.nL
l

(Si)
v '
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Figure 25.

X-ray production cross sections for the L-shell
in CJl+ -* Ar and Ar+ -*• Ar collisions.
The "knees" observed in these curves indicate
changes in fluorescence yield. The CA L x-ray
production cross section is obtained by sub
tracting the Ar component. This is shown by the
dashed line.

where N

A

is the number of photons emitted; N- is the number
1

of projectile ions passing through the interaction region;
n is the density of the gas; L is the length of the inter
action region.

If x-rays are emitted isotropically, the

number of photons collected by our detector is given by

1

=

Nx

Aft
4tt

(52)

where I is the number of x-ray counts collected by the detec
tor per collected beam charge which may be a function of im
pact energy

EQ;

AFT

is a geometrical factor; e is the effi

ciency of the system.

°x

Then
UE0)
N^enL[(Aft)/(4ir) J

If all the quantities N^, e, n, L,

AFI,

.

(S3)

are kept constant

during the experiment, as is the usual case, the x-ray cross
section is proportional to the detected intensity I.
In order to determine Ar L x-ray cross sections from
C&

-> Ar we have to unfold spectra produced by C&

C£+ -»• C&2.

(See fig. 26.)

Ar and

The unfolded spectrum, i.e.,

[(C£+ -> Ar) - (C£+ -* C&2)] gives a curve that is essentially
identical to Ar+ •* Ar spectra.
We present just one set of curves which show in
effect that C£+ -> Ar collisions do produce Ar x-rays.

In
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Figure 26.

L x-ray spectra produced by 500 keV C£+
1 MeV C£+ -> Clz\ 1 MeV Ar+ -> Ar.

Ar;

The bottom spectium can be obtained by subtracting
the top two spectra.
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fig. 26 the sum of CI

+

-*• C&2 and Ar

+

-*• Ar with the proper

multiplication factor will give the Cl+ •+ Ar curve.

In

obtaining cross sections, we did not actually deconvolute
all the curves.

Instead we normalized to previous data as

explained below.
After correcting for absorption effects we deter
mined the fraction of x-rays belonging to Ar L shell.
When we multiply this fraction by the total L x-ray produc
tion cross section [a (C£T+ArT)] (see fig. 25), we obtain
X
L
L
the Ar L x-ray cross section as given in fig. 27.
Our data extend the cross section measurements for
Ar

Ar collisions to higher energies.

The experiments gave

data for C£+ -> Ar collisions above 200 keV which is normal
ized to data from other experiments (58).

The data below

200 keV were obtained from Saris and Onderdelinden (47).

In

fig. 25 the dashed curve represents the C5, L x-ray production
cross section obtained by subtracting the contribution due
to Ar.
The energy dependent cross sections that we observe
in these data are due to changes in fluorescence yield.

The

ionization cross section found in Auger experiments (24) do
not show this dependence but indicate that the L-shell vacan
cy production cross section in Ar+ -> Ar collisions is prac
tically constant at energies of 50 to 600 keV.
also true for CSL+

Assuming this

Ar up to 1500 keV, we can estimate some
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Figure 27.

Ar L x-ray production cross section in CJt+ -* Ar
collisions vs. projectile energy.
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fluorescence yields.

The ionization cross section can then
2
be written as a, = 2frr where r is the level crossing rai

dius.

X

X

The average value of fluorescence yield is then esti

mated by to =
VII.

(a )/(2irr^). These values are listed in table
A
A
We notice that fluorescence yield increases more rapid

ly at lower energies than at higher energies, while the fluo
rescence yield dependence on projectile Z decreases at the
higher energies.

The changes in fluorescence yield are due

to changes in the M-shell defects which has also been ob+
+
served in our H
Ar and He •> Ar experiments. A complete
study lTOuld require that we repeat the procedure used in the
*4*
4*
H
Ar and He -+ Ar experiments in the CSL and Ar collision
systems.

Analyses like this would provide a check on the

conclusions drawn here about changes in fluorescence yields.
Plasmon Satellites
A complete picture of high resolution x-ray spectra
must take into account all anomalous lines.

When graphite

was bombarded with H+ or He+ we observed a broadening of the
C K line.

The proton data definitely show a small feature

within 30 eV of the main C peak.

(See fig. 28.)

The energy

of this line appears to be energy dependent and projectile
dependent as shown in fig. 29.

Figure 29 was obtained by

subtracting the estimated contribution and background of the
.1 MeV curve from the 1.6, .5 and .17 MeV curves.

Since

these structures were observed with both P-10 proportional

Table VII.

Experimentally determined L-shell fluorescence yields for C£+
Ar+ -*• Ar collisions.

Ar and

to x 10 2

Rx

aI= 27rrx

E (keV)

A

x 10"17 cm2

@50

@100

@200

@500

@1000*

@1500*

Cl+ + Ar

.263

4.35

.46

1.5

3.56

4.82

6.43

7.53

Ar+ -> Ar

.247

3.83

.15

1.12

3.91

5.48

6.26

.28

*These numbers were obtained by assuming the L-shell ionization cross section is
constant up to 1.5 MeV.
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Figure 28.

C K x-ray spectra produced at various projectile
energies (.1, .17, .5, 1.6 MeV).
A low energy "bump" at ^ 243 eV corresponds to
an effect due to plasmons. The dotted line is
estimated from instrumental resolution for the
C K x ray.
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Figure 29.

Projectile energy dependence of the plasmon
"bump" in C.
These curves were obtained from fig. 25 by
subtracting the .1 MeV curves from the others.
Effects are seen here for 37 eV and 25 eV
plasmons.
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counter gas and He-isobutane, it is not an anomalous behavior
of absorption due to Ar gas leaking from the proportional
counter.

These satellites have also been observed by others

(59,60) in electron impact experiments and are interpreted as
plasma excitations in the solid C.
It was proposed by Nozieres and Pines (34) that sat
ellite bands should be observed at energies lower than the
soft x-ray emission spectrum in metals.

The band is due to

generation of plasmons with energy in the neighborhood of

boo
p

which is 12.5 eV.

^ne^
= (
)§
v
m J

(See Chapter 2 on Theory.)

The formation

of the plasmon is simultaneous with the filling of the K or L
shell.

Aita et al. (59) observed a low energy satellite at

247 eV and 316 eV with an intensity of the order of 1% of the
main peak.

Our data result from better resolution and give

an energy of about 240 eV.

The higher energy satellite could

not be observed because of the C K absorption edge of the
mylar proportional counter window.
Energy losses by x rays or electrons of 7 eV have
been found (59,60) for ir electrons and 25 eV for combination
of it plus a electrons.
our x-ray data.

The 7 eV plasmon is not resolved in

Figure 29 shows that possibly the 25 eV

plasmon is present.

We also observe a signal at 37 eV which

Ill

may be due to a combination of other plasmons.

Multiple

plasmon effects have also been seen in other metals (61,62).
Our data show that the intensity of the observed 37 eV
feature is projectile energy and Z dependent and does not
necessarily represent a rearrangement of electrons in the
atom.
The plasmon concept is proposed as a possible solu
tion to these anomalous lines and one that we feel necessary
to include in this work because models for vacancy production
by charged particles must also account for these properties.
Although most of our attention has been directed toward the
problem of x rays produced by inner shell ionizations, all
solid state effects or other "artifacts" must be considered.
We emphasize that more very high resolution x-ray work is
necessary to understand these "artifacts" completely.
Molecular-Orbital X Rays
Saris et al. (6) and others (7) produced x rays by
bombarding C, AI, Si and other targets with Ar+ but could not
associate them with characteristic x rays of either target
atoms or the projectile.

The x rays appeared as a broad

unresolved structure centered at ^ 1 keV.
Usually inner shell vacancies decay from discrete,
atomic states in atoms and ions after the collision has taken
place and the particles have separated.

Saris et al. (6) at

tributes the broad band to x rays emitted during the collision.
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The proposed origin of these x rays is as follows.
The colliding atoms are viewed as diatomic molecules with a
varying internuclear distance.

Lichten has constructed dia-

batic molecular orbitals for the Ar+ -*• Ar collisions which
can be used to explain this effect.

(See fig. 5.)

At large

internuclear distances the atomic energy levels are those of
Ar atoms.

At zero internuclear distances, they are those of

Kr (united atom).

At intermediate distances where the levels

do not belong to either isolated system, the electrons form
molecular orbitals that are consistent with the Pauli prin
ciple.

The 1 keV x-ray band is attributed to formation of a

2p vacancy in Ar during the first collision, which is carried
along the 2pir orbital and filled during the next Ar+ -»• Ar+
encounter and produces an x ray.

For this process to occur

it is necessary that the collision first produce 2p vacancy.
In order for this filling of the vacancy to occur during the
collision, the lifetime of the vacancy must be of the same
order as the collision time.
time is of the order of 10

16

At about 200 keV the collision
sec.

Since the lifetime for

the Kr L shell is approximately 4 x 10

16

sec and for Ar L

shell 4 x 10

15

sion times.

Because the internuclear distance varies during

sec, the lifetimes are comparable to colli

the collisions, the energy difference between 3d and 2p orbi
tals varies.

Therefore the molecular orbital x rays will

appear in a band with a width of a couple hundred eV (220 eV
for Ar) to about 1.6 keV.
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Since Saris' first experiment we and other experi
menters (6,7) have studied this molecular orbital x-raysystem using solid state detectors.

We also studied the

same energy region with our high resolution crystal spectro
meter but detected no signal above the noise at high resolu
tion.

A few reasons for this exist:
1.

A crystal spectrometer set to observe x rays will

see many x rays from many orders, at almost the same effi
ciency; therefore a broad continuum will appear as background
due to overlapping orders.
2.

At high resolution sharp characteristic lines

appear with intensities equal to those obtained with a poor
resolution detector with the exception that the lines will
appear narrower.

A continuous source observed with a poor

resolution spectrometer will give a signal appearing broader
and more intense than the real one because it integrates in
time all the signals at E within its resolution AE.

The high

resolution spectrometer more faithfully reproduces the real
signal.

In essence the area under the curve represents the

number of x rays in both systems except in a high resolution
system they are isolated to a narrow band.
\

3.

The solid state detector is much more efficient

than a crystal spectrometer.

In the 1 keV region the effi

ciency is ^ 251 for the solid state detector as compared to
^ .1% for the crystal spectrometer.
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We found that 0
broad x-ray structures.

and Ne

+

on copper targets also give

We believe these are basically

caused by the same mechanisms as in Ar+ -> Ar collisions.

For

the solid Cu target case the broad structures are probably
from 0+ -*• 0 collisions and Ne+ -+• Ne collisions between 0 or
Ne implanted in the Cu target.

The molecular orbital dia

grams for 0+ •* 0 and Ne+ -»• Ne collisions are essentially the
same as the one for Ar+ -* Ar so we can use it for a quali
tative picture of the interaction.

(See fig. 5.)

In both

cases the K shells are involved during the collision whichsuggests that the x-ray energies will range from that of 0
(for 0+ .525 keV) to S (for 0+0 united 2.306 keV).

For the

Ne collision, x rays will range from Ne (.848 keV) to Ca
(for Ne+Ne united 3.68 keV).
The estimation of the high energy end point (see fig.
30) for 0+

0 collisions gives an energy higher than the S K

shell energy.

This is done by extending the high energy side

of the broad feature with a straight line through the energy
axis.

For the Ne+ -* Ne collision case, the energy is lower.

J. S. Briggs (63) has calculated effects of collision broad
ening of molecular orbit x rays and has shown that the end
point energies of the distribution can be as much as 50%
higher than those estimated from the pure united atom picture.
When 50% additional energy is added to the S K-shell energy
we get 3.46 keV which is approximately the end point energy

115

ENERGY
(keV)

to
GO tO
•

i-H

Figure 30.

•H ro
CO
pH

•

r-.
o
in to
»

oq
rH
« to
to

•

Broad structures due to bombardment of Cu with
1 MeV Ne+ or 0+ ions.

116

for the x-ray distribution obtained from 0+ -*• 0 collisions.
In the Ne+ •> Ne case it is possible that all decays take
place before the united atom limit is reached.

Therefore

the end point energy is lower than predicted by the molecular
orbital diagrams and collision broadening.

Essentially it

is the Coulomb barrier that prevents the collision pair
from reaching their united atom limit.
The mechanism in both cases probably involves an
initial vacancy in the K shell of Ne and 0, which is carried
via the lsa orbital to the united atom limit.

The x-ray

transitions then take place between the 2pa or 2pfr and lsa
orbitals.

CHAPTER 5
CONCLUSION
This dissertation reports the development and use of
an experimental station for diagnostic study of x-ray spectra
with particular emphasis on the production of inner shell
vacancies produced by atom-ion collisions.

Several important

fundamental experiments have been carried out which have
stimulated important theoretical studies.
Because of the large number of electron interactions
involved during an atom-ion collision the theoretical problem
has been a difficult one and progress has been rather slow.
In the chapter on theory we reviewed most theoretical calcu
lations such as the Hartree-Fock-Slater approximations which
give energies of the various configurations which are good at
best to 2 or 3 eV.

Also, fluorescence yields predicted by

different theories and experiment are possibly at variance
by an order of magnitude.
We found new and important information about charge
+
*t
states produced when H and He collide with Ar. We have
shown that recent results of inner-shell studies using Auger
electrons are in error.

Consequently the whole picture of
117
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fluorescence yields must be reexamined with the high resolu
tion results in mind.

Our high resolution x-ray spectra

showed satellite lines whose energies can be measured more
accurately than predicted by theoretical approximations.
These results will guide theoreticians in the development
of new models.
We have also produced new spectra not seen before,
which arise from transitions due to double K-shell vacancies
in B and from transitions in H-like, He-like, and Li-like B.
The x-ray energies in this case agree very well with theory.
The B spectra, together with spectra from C£. -> Ar, Ar+->-Ar,
Cl+ -* CZ2 collisions, verify the validity and usefulness of
the Fano-Lichten model for atomic orbitals.
Our experiments with Ar and CJl have extended x-ray
production cross sections to 1.5 MeV energies and have shown
that fluorescence yields change with bombarding energy.
The origins of anomalous spectra, which must be
understood and included in proper models for vacancy produc
tion, have been investigated.

The experiments lead to a

possible new phenomenon of coupling x-ray photons with plasmons produced in solids, and we have observed the plasmons
to be projectile velocity dependent.

This phenomena has been

observed before but only for the case of electron-produced
plasmons.
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We have extended the work on molecular-orbital x rays
to include spectra from 0 and Ne which further corroborates
the molecular-orbital phenomenon.
In general, even though the greatest effort and time
was spent to improve resolution and develop techniques to get
high quality data, many of the experiments suggested new
researches.

Each of the many projects reported here will

require a long term study of energy dependence, etc., before
the complete puzzle is assembled.

More results of similar

researches and a deeper understanding of inner-shell vacancy
and x-ray production are imperative to the eventual develop
ment of an x-ray laser.
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