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T. INTRODUCTION

The study of K x~rays from multiply ionized ions began with the work
of Coatesl who noted that targets bombarded with 2.4 MeV mercury lons
emitted x-rays which were neither characteristic of the projectile nor of the
target., This was in contradiction to the works of previous researchers
who had shown that the radiation had energies which followed a definite
law first obtained by Mosleyz, dependent upon the square of the nuclear
charge of the emitting ion. It was not until thirty years later that
further study of these noncharacteristic x-rays was resumed, when Specht3,
Richard4, and Burch5 showed that the energies of wvarious K x-ray lines were
shifted to higher energies when the x-ray-was produced as a result of a
heavy-ion atom collision. It was postulated that the change in energy of
the K x-ray was due to multiple ionization of the L-shell simultaneous
with K ionization. It was also suggested by Richa'rd4 that the study of
spectra with a high resclution spectrometer should confirm the multiple
ionization hypothesis by resclving the individual transitions which make
up the KB line. Subsequent measurements by Knudson6 and Burch7 using a
Bragg crystal spectrometer showed thaﬁ the K x=-ray spectra could be resolved
into various cemponents in accordance with the degree of multiple
ionization of the emitting ion.

Most investigations of K x~rays have involved the measurement of the
x-ray yield from a sclid target after its interaction with a beam of ioms.
The straightforwardness of the approach and the ease of the experimental
setup has contributed strongly to the popularity of this method. A beam

o ; 4 < T ’ w .
of ions is directed onto a target which is angled (usagal.y <537} to the axis



of the beam. An x-ray detector faces the front of the target to record

the x-rays emitted. As an icn enters the target, it quickly adjusts the
number cf its bound electrons to some equilibrium value dependent upon its
energy, nuclear charge, and target material, minimizing the importance of
the charge selected for the incident beam. During the ion's passage,

each target atom is subjected to, at most, one collision since the beam
currents and focusing normally used will allow sufficient time for the
target atom to de-excite beforerthe arrival of the next lon. Any collision
which results in a K-shell vacancy also has a non-negligible probability

of leaving the target ion with one or more L-shell holes. The number and
the probability distribution are found to obey binomial statistics. The
peak of the distribution is dependent upon the incident Z, but the resultant
x-ray spectra is complicated by still other effects. Since the target atom
of a solid is either bound in its lattice or to its neighboring atom, the
chemical configuration of the target will affect the distribution of x-ray
energies due to electrons of neighboring atoms filling the target ion's

&s2510511 Additionally, the ion

holes before de—~excitation can take place.
may adjust its vacancy configuration internally and independently of the
surrounding wedium before emitting an x~ray.12. The complications produced
by these effects necessitates altering the fluorescence yield from the singie
K, no other vacancy value, to an average fluorescence yield, w, to calculate
the éotal cross sections for wvacancy production.

Another method of target x-ray investigaticn is to use a gas target
material contained within a cell. The gimilarities between this and a
solid target are numerous. The target atom cnce again undergoes a single
collision, producing a statistical distribution of vacancies, which may
rearrange internaily before x-ray emission. The chemical state of the

target affects the filling of outer shells, similiarly to the solids



studiedl3’14 requiring the generalizaticn to an average fluorescence yield.
However, since it is possible to have an ion arrive at the target atom
without previously encountering other target atoms, the charge state of
the incident ion can be selected. This has been shown to be important as
both the projectile and target x-ray yields increase markedly with the
charge state of the incident ion.ls‘lﬁ’17

For certain processes, such as the lifetimes of certain states and
charge state dependences, it is more advantageous to study the projectile
rather than the target X-rays. As an ion passes through a solid target, it
is subjected to multiple collisions with the target atoms which makes the
study of the x-rays emitted during its transition difficult. After the iom
leaves the target, detection of x-rays at several points can yield accurate
information from which the lifetimes of excited states can be determined.
If the beam target interaction region is modified so that a gas target is
available, a multitude of additional information can be extracted. It then
becomes possible to vary the gas pressurz until single collision events are
dominant, thus, both the initial configuration which is determined by the
beam selection, and the final configuration, as observed by the x-ray
detector, are known. This versatility was put to use by Hopkin317 and more
recently by Tawara18 to study electron excitation, ionization and electron
capture by various projectiles on noble gases.

The purpose of this thesis is to continue the study of projectile
x-rays resulting from electron excitation, ionization and electron capture
after collision with a gas target. Various charge states of a 15 MeV

fluorine beam were directed onto a neon target. The x-rays emitted by the



fluorine were analyzed by a high resolution four-inch Bragg curved crystal
spectrometer to yield information as to the populations of resulting charge
states and more expiicitly, iLhe electronic conligurations resulting from

the collision.



II. PROCEDURE

The Tandem

For this experiment, fluorine ions were accelerated to an energy of
15 MeV by tﬁe RSU EN tandem Van de Graaff accelerator, then momentum
analyzed by a 90° bending magnet (see Fig. 1). The lower charge states,
F2+ through F5+, were obtained by gas stripping in the terminal of the
.tandem, producing currents of from 100 to 300 nancamperes at the Faraday
cup. The cross sections for producing the higher charge states, F6+
through F9+, are too small to produce a useable beam in this manner, so a
poststripper was necessary. The 15 MeV beam was allowed to pass through
a thin (Sug/cmz) carbon foil. The beam exiting this foil has a distribu-
tion of charge states, any of which may be chosen for study by suitably
adjusting the magnetic field of the switching magnet. Using this arrange-

+- o+
ment, beam currents of from 2 to 400 nA in charge states 6 to 9 were

focused into the Faraday cup.

The Chamber

The target chamber is shown schematically in Figure 2. The fluorine
beam entered the gas cell after being collimated by the adjustable 4 jaw
and the entrance aperture (1.8mm diameter), then exited the gas cell
through the exit aperture (2.0mm diameter) fo be collected by the Faraday
cup. The neon target gas was introduced into the interaction region by a
single stage regulator and needle valve arrangement. The gas pressure in
the cell was monitored by a Baratron pressure gauge and was constant to

within 5% with nc further regulation of input flow necessary. The vacuum



Figure 1: Schematic of the Kansas State University
Tandem Van de Graaff Accelerator



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH DIAGRAMS
THAT ARE CROOKED
COMPARED TO THE
REST OF THE
INFORMATION ON
THE PAGE.

THIS IS AS
RECEIVED FROM
CUSTOMER.



HOIVYITIOOV $400s9 8p UDA WIONVL ILVLS SYSNVM 3HL 40 WVHOVIQ OILYW3HOS V

32HN0S ~

HOIYHINIO
3704NYAVND AOY3NI HOH 1INOYIN NOILOT 14N

L3INOYIN ONIZKTYNY _

430104 o4 |
¥3ddIH1S 1S0d '




Figure 2: Diagram of the experimental chamber
used in this experiment
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in the beam line was maintained by two 6" o0il diffusion pump/mechanical
roughing pump stations, which kept the residual pressure in the beam line
to between 10_6 and ].0—7 torr. A third pumping station, consisting or a
4" 01l diffusion pump and mechanical roughing pump, was used to pump the
spectrometer chamber.

A problem often encountered in gas target experiments is contamination
of the ;arget. Nitrogen, oxygen, and argon contained in the gas cell can
gsignificantly alter the x-ray yields of the fluorine ions. These impurities
nust be monitored in order to insure the accuracy of the data collected.
This was accomplished by a surface barrier detector which was placed in the
interaction region at 35° to the beam axis. Fluorine ions elastically
scattered from the gasses in the cell, and the recoil of these gasses from
the fluorine ion impact, were recorded by the detector. A typical spectrum
of the particle detector is shown in Figure 3, along with an emnergy
calibration and the calculated energies of suspectéd contaminant reaction
products.

The x-rays produced due to collisions in the gas cell were wavelength
analyzed by an ARL curved crystal spectrometer. The x-rays entered the
spectrometer through the spectrometer slit (.38 X 12.5mm) which acted as a
collimator for the x-rays, and as a baffle to the target gas. The x-rays
were then reflected by a rubidium acetate phosphate (RAP) Johansson
focusing crystal.19 This type of crystal has been aligned, machined, and
bent, such that the crystal planes will form concentric circles with a
radius 2R. Referring to Figure 4, if a source is placed at 5, and a
detector at D, such that arc OD equals arc 0S5, the crystal will give exact
focusing. The proci of this follews rather guickly. Choose any two points

A and B, and connect them to O, S, D as shown. The point O is the center of

10



Figure 3: Typical 15 MeV F on Ne particle spectrum
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Figure 4: Diagram of the geometry of a Johansson crystal
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the concentric planes of the crystal, so 0OA and 0B are perpendicular to
the crystal planes. All of the angles ¢ are equal, since any two chords
subtending equal arcs form equal angles. Thus, the angle of incidence
equals the angle of reflection, and the reflected x-rays will interfere
constructively, giving exact focusing.  The x-rays focused by the crystal
enter the flow mode proportional counter which uses a P-10 (90% argon, 10%
methane) detector gas mixture at atmospheric pressure contained behind a
thin mylar (C. H_0,) window.

108 4'n

The Electronics

The output from the proportional counter is treated as a binary pulse,
that is, we determine the energy of the incident x-ray purely on knowledge
of the angle of the Johansson crystal at the time of the x~ray. This
required accurate control of the spectrometer stepping motor which
positions the crystal and detector, and a computer interface capable of
many interdependent fuﬁctions. (Figure 5).

At the start of a scan of energies of interest an enable signal is
produced which gates on a series of scalers as an Analog-to-Digital
Converter (ADC). The charge accumulated by the Faraday cup is digitalized
by a Brookhaven Instruments Corporation Current Integratcr, whose output is
proportional to the digitalizer scale and the current on the Faraday cup.
This signal is fed to a scaler and to the Q charge input of the computer
interface. This digitalized charge is accumulated until a preset limit is
reached, at which time, the spectrometer is instructed to move to the next
wavelength/angle setting, the number of motor steps is noted by a scaler,
the accumulated charge‘register is reset to zero, and the process is vepeal~

ed. During the time the spectrometer is being stepped, a gate off signal is

15



Figure 5: Schematic of the electronics used in this
experiment
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applied to the input Q signal, and therefore, inhibiting the signal output
to the scaler. The proportional counter output, having been suitably
amplified and an energy window set to eliminate noise pulses, is recorded
by a scaler and enters into the SCA (single channel analyzer) input of the
computer interface. All the counts taken during a particular spectrometer
setting are accumulated in a single computer channel, with data from the
next setting in the next channel, and so on. The SCA input is gated off
during the spectrometer movement and thereby, inhibiting the signal output
to the scaler, as in the care of the Q count signal. The output from the
recoll monitor is energy dependent, so its signal is amplified and fed into
an ADC, and the spectra recorded by a multichannel analyzer. At the end of
a rumn, fhe enable signal is discontinued, gating off all scalers and the
ADC. The x-ray and particle spectra were recorded on magnetic tape for
analysis and reference, and the displays of the scalers noted in the

run book.
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ITI. RESULTS

A major advantage inherent in the use of a gas target is the ability
of the researcher to minimize the number of incident ions which undergo
multiple collisions within the target chamber. Figure 6 gives the results
of a pressure dependence study which shows the yields of various projectile
¥-ray transitions (see next section) as a function of the target gas
pressure. The yields are shown to be fairly linear with pfessure through
40 millitorr after which the effécts of multiple collisions become
significant.

The ratio of the 3P to lP x-ray yields is plotted versus pressure in
Figure 7. The nonlinearity of this ratio was previously reported to be

due to quenching of the metastable 3P state by'Fortner.,2

The Spectra

Figures 8 and 9 show the relative x-ray yields as a function of the
iﬁcident fluorine ion charge state. The following paragraphs contain
identification and production mechanisms for the wvarious peaks.21 A
gradual shift is observed toward higher final charge states with a gradual
increase total cross sections for the low (F2+ - F6+) incident charge

states. The increase becomes quite pronounced for the high (F?+ - F9+)

charge state incident ioms.

2 2.1
r* (15%2%2p%)
The first discernible peak, at 702 eV, results from one K-shell and
2, 2
<P

one L-shell electron being icnized, forming an intermediate 1s2s

. , 2
configuration, which decays to a ls ZSZZP final state. The next peak can

19



Figure 6: Ne pressure dependence of Ft projectile
K X-ray yields
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Figure 7: Ratio of lsZp(SP) to lsZp(lP) X-rays as
a function of pressure
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Figure 8: F K X-ray spectra from Fq+ on Ne (2;:1_5:6)
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Figure 9: F K X-ray spectra from Fq+ on Ne (72q<9)
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be formed by two processes, one K-shell and two L-shell electron ionization
gives a (152522p) intermediate state, which decays to 132252 with an
energy of 713 eV. At 714.8 eV is a transition which occurs when a
lsZsEp(éP) term, formed when one K-shell and three L-shell electrons are
ionized, and which decays to a 152231(28) state. Since there is no
method to determine the fractional contribution of the processes in this
experiment, this ambiguity will persist throughout and the assignment of the
dominant traﬁsition occurring being based solely on the surrounding peaks.
A; very low incident charge states, it is presumed that the transition
requiring the fewer number of ionized electrons would be preferred. The
dominant peak in the 2+ spectrum, at an energy of 725 eV results from a
single K-shell and three L~shell electrons being ionized, leaving an
intermediate lsZszp(zP) term which decays to 15229(25). The next two
peaks both result from helium-like emitting iomns, as one K-shell and four
L-shell electrons are ionized leaving the lsZp(3P) and ISZP(IP) terms,
Both decay to a ls2 ground state with energies of 731 and 738 eV,
respectively. The highest energy peak in the 2+ spectrum, at 858 eV, is
another helium-like transition, coming from an intermediate 1ls3p
configuration. The most intense peak in the high energy region is due to
double K-shell, quadrﬁple L-shell jonization, leaving a hydrogenic 2p
electron to decay with an energy of 827 eV. The peaks surrounding the
hydrogenic transition are believed to be due to doubly excited states of

2, 3, and 4 electron systems as previously shown by Tawara.l9
F3+ (1922522p2)

; 2+
The peaks in the 3+ spectrum correspond to those in the F gpactrum,

but require one less L-shell electron ionized to produce.

28



P (16225720
Here, there are two fewer L-shell electrons to be ionized to obtain
.the intermediate configurations resulting in a gradual increase in the
intensities of all, but the 152322p2 to 1522322p line- has become
indistinguishable from the background. With this trend toward more highly
ionized final charge states, it is expected that the lsZsZs(&P) fraction is

roughly greater than or equal to the lsZsz2p configuration.

P (1s22s%)
A F5+ incident beam has no electromns in the 2p orbital, but every

peak in the spectrum depends on electron excitation or electron capture

to the 2p level. This indicates that there is probably substantial mizing
of the 2s and 2p orbitals during the collision. The first peak is due to
the sum of 1ls electron excitation to 132522p, and either K-shell ionization
and 2s to 2p electron excitation, or ls to 2p electron excitation and 2s
ionization to a lsZszpiaP) intermediate term. All three of the helium-1like

peaks have occurred due to single electron excitation, and double ionization

resulting in lsZp(BP), and 1ls2p terms which decay to the 152 ground state.

F6+ (15223)
6+ ; ; 5+ :

The F~ spectrum follows immediately from the F~ , requiring one less
elactron ionized. It becomes apparent that the peak at 715 eV is due
virtually totally to the (éP) term because to form a 132522p configuration
wculd require ls electron excitation and a captured electromn, and capture
processes are not favored due to the low charge state of the iomn, as

evidenced by the disappearance of the 182522p2 to 1322522p line.

29



7 (1s%1s2s)

The F'T

beam arrives on target with some fraction of the ions in

a 1325(38) metastable state produced in the poststripper foil. This
metastable fraction manifests itself in two places, the 13252p(4P) and

the lsZp(3P) terms. The 4P state is formed by direct electron capture

to the 2p shell of the metastable component of the beam. The 3P term

is formed by direct Coulomb electron excitation of the metastable fraction.
These processes involving the metastable fraction result in the 3P/lP and
4P/ZP ratios being greater than unity for the only time in this charge

state study.

F8+ (1ls)

Single electron capture into the 2p orbital accounts for all of the
dominant peaks in this spectrum. An electron captured into the 2p sub-
shell with spin.either parallel or antiparallel to the ls electron re—
sults in the 182p(3P) and (lP) terms. Electron capture to the 3p sub-
shell results in the 1s3p configuration present in the high energy regiomn.
The capture of two electrons is required to form the lithium~like states
barely visible, and electron excitation leads to the hydrogenic 2p - 1s

.line.

F9+ (bare ion)
Bare projectile spectra are particularly simple to explain since all
transitions are due to electron capture. Single electron capture to a
hydrogenic ion, double capture to a helium-like ion, and triple capture

to a lithium=like ion are all observed.

30



Total Cross Sections

The data obtained by each particular spectrometer scan had to be
compared to the data obtained from other scans taken at the same and
different charge states. For this intra~experiment normalization the
surface barrier detector installed within the interaction region pro-
vided the best comparison. The number of particles scattering into this
detector in the energy window selected gives an accurate measure of the
produc£ of the number of incident particles times the number of Neon
atomsg contained within the gas cell. This value depends only on nuclear
elastic scattering so it is independent of all atomic processes, including
the incident ion charge state. To normalize these relative yields to
absolute cross sections the data for the 15 MeV 3+ incident beam was
scaled to the previous work of Woods22 who measured Auger production cross
sections of fluorine on neon. The fluorescence yields calculated by
Tunnell23 were utilized to give the total cross sections for various final
states. In Table 1 and Fig. 10 the fluorine K x-ray cross sections are
shown as a function of the incident ion charge state. When this data is
divided by the fluorescence yields calculated by Tunnell, the total cross
sections for the production of various final states are obtained. These
results are tabulated in Table 2 and shown in Fig. 11. In the tables the
charge state of the incident ion is shown in the first column and the
configuration of the emitting ion appears in the first row. The various
symbols used in Figures 10 and 11 represent the incident charge states,

and the abscissa shows the configuration of the ion emitting the x-ray.
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Figure 10: F K X-ray cross sections
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Figure 11: F vacancy production cross sections
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Tables 1 and 2: F K X-ray production cross sections and
total cross sections
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Comparison with Theory

The capture of an electron from an atom to a highly stripped iom
is a three body scattering problem which has no formal solution. Among
the most widely used quantum mechanical formualtions for electron transfer
is the plane wave Born approximation (PWBA), which treats the igitial
gtate as a plane wave incident upon a bound electronic target wave
function. The final state describes the system as a bound state times
a plane wave with one electron having been transferred to the projectile.
Within the active electron approximation the roles of all other electrons
are ignored. This is reasonable because their main effect is to provide
an average screening of the Coulomb forces between the target and pro-
jectile nuclei, and between the active electron and the target nucleus.
The inclusion of these passive electrons in the theoretical treatment
only requires modifying the nuclear charge to an "effective'" value. The
internuclear Coulomb interaction is neglected in some approximations as
it adds only a constant to the total energy, which should not affect the
calculated cross sections. When this interaction is omitted from the
PWBA the resulting theory is known as the Oppenheimer-Brinkman-Kramers
(OBK) approximation. The OBK approximation can be expressed in a simple
form if one is willing to limit the focus to the principal quantum numbers
of the initial and final states. Such an expression, given by McDowell
and Coleman,26 was used to obtain the theoretical cross sections for

electron capture compared with experiment as shown below:

Incident Charge State

gt ot
experiment (cm?) 3.4 x 107 8.1 x 107
theory(cmz) 5.8 x 10710 1.3 % 10717
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The theory gives cross sections higher than experiment by a factor of
approximately 16, which is normal for this formulation.

The excitation of an ionic electron after the ion's interaction
with an atom can also be described theoretically by the Born approxima-
tion. The initial and final states are both expressed as plane waves
in collision with a bound electron. During the collision the electron
gains sufficient energy to excite it to a higher level without gaininé
enough energy to ionize it. This formulation was used by ﬁates27 to
obtain an analytical expression for the electron excitation cross sections
of an incident one electron ion on unscreened and screened target atoms.

The comparison of this theory with experiment is shown below.

ls. +~ 2p Excitation

Theory
experiment unscreened screened
cross section(cm?) 6.0 x 10'—]'9 2:3 % 10_18 1.7 x 10—18
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VI. CONCLUSION

The purpose of this experiment has been to measure the cross sections
for various K~shéll interatomic processes as a function of the incident
charge state of the fluorine ion. It is hoped that systematic studies
of this nature will contribute to the understanding of electron excitation,
ionization, and electron capture processes in heavy ion-atom collisions.

Various charge states of a 15 MeV fluorine beam were selected and
directed onto a neon gas target. The fluorine K X rays resulting from
electron excitation, ionization, or electron capture were detected by a
high resolution Bragg crystal spectrometer. The spectra resulting from
these measurements showed increases in the K x-ray yield of the fluorine
ions, being gradual at first, then quite prenounced as the incident iom
arrived with one or more K-shell holes.

Part of the previous work of Tawaral8 is shown in figure 12, where
the cross sections for producing the hydrogenic 2p state of fluorine in 15
MeV Fq+ on He collisions are depicted as a function of the incident ion
charge state. The present work, 15 MeV Fq+ on Ne, is represented by
circles; the triangles show the data obtained by Tawara. The data for
the incident F7+'$eam is not plotted due to the ambiguity presented by
the metastable portion of the beam. In general the Fq'+ on Ne collisions
produce much higher multiple ionization than the Fq+ on He for the low q
projectiles and produce much larger x-ray yields for single electrom
processes for the high q projectiles. The solid lines are drawn to
emphasize the pronounced exponential dependence of the cross sections
for producing the 2p firal state as the degree of muitiple ionizaticn

of the incident ions' L shell is increased. This exponential dependence
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Figure 12: Production cross sections for the (2p) state
of F&* at 15 MeV
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can be explained over a limited range of incident ion charge states by

a binomial function of the form

a el a-tT

2
which represents the probability of removing n of % electrons. (n) is
the standard binomial coefficient and A is the normalization constant.
Using the above equator, it can be shown that the probability of exciting

the 2p state of F8+ for an incident projectile of Fq+ is given by

2D 1 py =@ -9 P£6_q) (1-7

L L L)

Fig. 12 shows the comparison between this experiment and three sets of
points corresponding to PL equal to .6, .53, and .4. It is seen that the
binomial expansion approximates the exponential dependence for a limited
range of q for PL = .5, An inherent advantage in this type of comparison
is that some of the normal problems of spectral comparison, such as
fluorescence yields and crystal reflectivity, do not occur in this
analysis of the data.

It is believed that further study of the systematics of the charge
state dependence of fluorine on gaseous targets would be advantageous
and should take two possible courses. An energy dependence study of
fluorine on neon would be valuable in charting electron excitation,
ionization, and electron capture processes as the velocity of the incident

ion 1is changed. A second course of study would be to change the target

gas such as argon or krypton. Studies of this kind would complement this

thesis and the previous work of Tawara.
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ABSTRACT

Fluorine beams at an energy of 15 MeV with charge states from 2+
through 9+=were cbtained from the Kansas State University tandem Van de
Graaff accelerator and directed éntc a neon gas target operated at
pressures between 10 and 60 millitorr. The fluorine K x rays resulting
from the F - Né collisions were detected by a Bragg crystal spectrometer
with an energy resolution of 4 eV. The resolved x~ray peaks were
identified with the processes of single and multiple electron excitation,
ionization and electron capture for each incident ion charge state. The
. resulting x ray yields were converted to cross sections by normalizing
to previous total Auger electron measurements of F - Ne collisions. The
cross sections for forming given final states are observed to increase
in an experimental manner as the charge state of the incident ion is
varied from 2+ through 6+. For the incident projectiles with one or
more K-shell vacancies the cross sections for certain final states increase
dramatically over those of the low charge state ions. The cross sections
for the one-electron processes of excitation and capture are compared

with existing Born appreximation calculations.





