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I. INTRODUCTION

The processes that can occur in an ion—-atom collision define a
subject which has captivated a great deal of attention over the past
years.l Renewed interest in understanding these processes stem from
their applications to such diverse fields of study as fusion technology2
and x-ray astronomy.3 In addition, the subject is of considerable
theoretical interest.4 By utilizing the well-known Coulomb potential
and the known initial and final atomic states, one hopes to be able to
test the validity of wvarious approximations to collision theory.

There are many commonly identified processes that can take place
with varying degrees of probability when an incoming projectile interacts
inelastically with a target atom. Some of these includerthe capture of
one or more electrons from the target by the projectile, ionization of
the projectile electrons (electron loss), ionization of the target
electrons, and excitation of either or both the projectile a?d target
atoms. Often, the reactants are left in excited states following the
collision and photons or electrons may be emitted, either independent
of the collision or perturbed by it, and observation of these has lead
to much of our knowledge of the collision mechanisms.l Although all
the processes are of current interest, this thesis will be limited to
the study of the single electron transfer process in which one electron
is either captured or lost by an initial ground state one-electron
projectile ion interacting with helium target atoms. The experimental

techniques used are similar to those used in previous studie55’6 of
charge exchange by the '"initial growth method," performed for various

ions over a range of energies. Review of earlier work has been given

1



by Allison and Garcia—Munoz,7 Nikolaev,8 Betz,9 and Tawara and Russek.10
Other than for low Z projectiles (H,He) there has. been no concerted
effort to study these processes for the well-defined initial states of

a one-electron ion for which theoretical calculations are presumably
possible.

The prime purpose of the present work is to use charge transfer
measurements to determine K-shell ionization cross sections which have
previously been determined from other types of experiments,ll for
example, X-ray or Auger electron observations. The latter work has
focused on ionization of inner-shell electrons from neutral target atoms
while the present work is limited to the ionization of hydrogen-like
projectile ions in collision with simple atoms i.e. He. The under-
standing of the process of ionization of neutral atoms by collision
with a charged particle are complicated by the presence of other
electrons on the atom.l2 For the one—electroﬁ ions used in this experi-
ment, the wave functions are purely hydrogenic (unscreened) and no
screening parameterization is required for the electron to be ionized.

In most previous experimental work dealing with the ionization
process, it has been tacitly assumed that target atoms are ionized by
swift, point charge, projectiles. In this work, ionization of the
projectile ion is studied. The comparison with other work is straight-
forward since it is the relative velocity between the projectile and
target which defines the collision, and not which atom is the projectile.
However, we must examine the role of target electrons which are present
on the neutral target atom. The present experimental results must be

compared at the same relative velocity, not laboratory energy, to



calculations and other relevant measurements. Cross sections are
defined with the relative velocity as an important parameter.

One complication to the interpretation of the present experiment,
not present in more traditional work, is the presence of outer shell
electrons on the helium target atoms interacting with the projectiles,.
The consequence of the screening of these electrons has not been well
established in the literature and remains a subject for further

investigation.'u’l4



II. THEORETICAL FRAMEWORK

a.) Ionization

The excitation and ionization of electrons in an ion-atom collision

can be described theoretically by the Plane Wave Born Approximation.4’15’16
To illustrate the PWBA derivation, with the specific approximatioms
involved, consider the following. The SchrBinger equation to be solved

is given by

2

G v+ v =5 (2-1a)
or (V2 + kz) Y= Uy (2-1b)

where kz = 2uE/h2 and U = ZuV/hz. The solution of this equation can be

written in terms of the appropriate Green's function G(ﬁ}ﬁ’)ls and is

given by
&> >
> _ 1 ik*R _ I > >, >, >, 3.
wk(R) = ?5;T3/28 . f G(R,R") UR") wk(R ) d°R (2-2)
+ e
where G(ﬁ,ﬁ‘) = exP(iFlg—E D (2-3)
|R-R"|
For large R, the solution can be approximated by
. T Ta
b @y w L, JdRE_ f TR g @) p @Rt (2-4)
k (2my3/2 4R

~

>
where k is the beam direction and k* = k"R. This assymptotic form can

be re-written as



7 1kR
b " Tamyase @ o T O (2-3)

where fk’ the scattering amplitude, is given by

>, - 3_.
3 - UE") wk('R* ) d°R”. (2-6)

Nk J ik R
Now, the differential cross section for a particle scattered by the

potential V can be written in terms of the scattering amplitude as

B [fklz (2-7)

corresponding to the intensity of the outgoing wave. In the first Born
approximation, the exact eigenfunction wk(ﬁ’) in Eq. (2-6) is replaced
by a plane wave, and the deviation of the scattered wave from a plane
wave considered negligable. With this approximation, the scattering

_amplitude becomes

VE") e R~ (2-8)

and is proportional to the matrix element of the scattering potential
TN i~ .-
between two plane waves e" and e . , which represent the free
particle before and after the interaction respectively.
To use the PWBA expression for excitation or iomnization of electrons
in a hydrogen-like system, the wave functions are replaced by a hydrogen-—

3 -+ #
like wave functioun, ¢i(r), times a plane wave. Thus the scattering

amplitude becomes



+
_ - % > > iqo_R).-}—) _
£(q) = 5;%2-J b0V 4 (D) e dr dR (2-9)
where q is the momentum transferred in the collision, gq = iﬁFﬁ’i, and T

and ﬁ are noy the electronic and internuclear coordinates as shown in
Figure 1. The PWBA cross section for ionization of a hydrogen-like
ion can be written in terms of a universal function17 scaled by a

factor which is dependent only upon the atomic numbers, Z, and Z

I

of the projectile and target atoms respectively. To show the scaling

with Zl and 22,13’16 the total cross section, o, for excitation or

2!

ionization can be written in terms of the scattering amplitude as

f”’a" |£(@) |? qdq (2-10)

1
0'2—2—2-
L qmin
where v is the relative velocity, and where atomic units (h = e = 1)
have been used. Ynin is the minimum momentum transfer in the collision

and is given by

_ . _AE AE . _AE )
Qnin = % kmax T 2v a+ 2uv2) 2v (2-11)

where k;ix = 2u(E - AE), AE being the threshold energy of the process.

The approximations for Uiq 2T valid for-éE <<1, Since AE 22, the

E 2

minimum momentum transfer can be written as

: (2-12)

Tl

min



Figure 1 Diagram showing the electronic coordinate ?, and

=
the internuclear coordinate R.
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The maximum momentum transfer, Uz is given by
T k + k;ax = Zk (2-13)

which is large enough to be taken as infinite for mathematical

convenience, Thus, the total cross section in the PWBA can be written

as

g = ;%2 sz [f(q)|2 qdq (2-14)
Za/2v

where the scattering amplitude, using the Coulomb potential between
the projectile and the electron of interest, is given by
Ly 1q-%

- >, >
£(q) = 3= J¢icr) T 4 (D)e

drd® . (2-15)

For hydrogen-like ions with different atomic number, 22, the scaling

of the coordinates for hydrogen-like wave functions is given by

r > oplz, dr = dH/zg
R > 1/Z, dR = dI/zg (2-16)
3/2
s o =222 4@
so,
-u [ ,3/2 L2y 372 1q-4/2. dp dx
£(q) = 5= | 2577 ¢, (0) Z,"" ¢4(n)e 2 =5 = (2-17)
: lo - & z2 72
5 Gy



From this scattering amplitude, the cross section is given by eq. (2-14)

.
z . £G-)
2y 21 4% (2-18)
Q= _4 2 " vV
Z2 22/2v
letting Q = q/Z2 and V =‘%- (2-19)
2
2
- 2
o= -—i—%r [———Q—f( )] Qdq (2-20)
z, V° /1/2V "
2 2
z z
o= L - 1w . (2-21)
Z, V z,

So the excitation or ionization cross section can be written in terms
of a function F°(V), scaled by the factor zi/z;. V, in atomic units,

is the scaled velocity for a one-electron ion with nuclear charge Zz.
Ionization cross sections were computed by the PWBA method for

18,33 Appendix 1 lists the function F”(V), giving

protons on hydrogen.
the cross section as a function of projectile velocity. To obtain the
cross sections for other systems, the scaling law gives

c(Zl, ZZ’ vinc) = il I vincfzz) (2-22)

] I ]
LR PR

where ¥ is the relative velocity between the projectile and target

+
atoms. An example of the scaling for 0 7 on He is given in the Appendix.

10



It should be noted that the He atom is treated as a pure point charge.
The effects of screening by the He electrons are not included in this
calculation.

20,21

Other studies in the literature utilize the PWBA in the range

where Z]_/Z2 < 1. 1In these works, a screening parameter, 8., is used to

K’
account for the departure from hydrogen-like wave functions. In this
thesis, screening parameters are not needed for the projectile since the
incident ions are in pure hydrogen-like states. Bk in this case, equals
1. Also included in these works are Coulomb deflection and binding
energy corrections. These corrections, incorporated in an approximate
manner, account for the deflection of the projectile by the target
nucleus, and the pertubation, by the projectile, of the atomic states

of the target atom. The contribution to the PWBA ionization cross

sections by these correction terms, are shown later in this thesis.

b.) Electron Capture; Comparison with X-ray Cross Sectioms.

The process in which a target electron is captured by the projectile
is also of interest in this study. With the experimental methods used in
this work, measurements of the total cross sections for both the ioniza-
tion and capture processes are obtained simultaneously.

When an electron is captured by the projectile ion, an x-ray may be
emitted after the collision in a de-excitation process, provided the
electron was captured to an excited state of the projectile. The X-ray
and capture cross sections can be related through a function g(Zl, E)

according to Guffey,22 where

11



'022 nmax Unl
g(Zy, E) = |- + [1-o0.12BZD] - Z e ‘
(z

E) n= 3,4% L (Zl,

E)
The function essentially represents the fraction of capture events

that give rise to K x-rays and can be calculated if the capture cross
section to each state is known. The factor 0.12 B(Zl) represents the
branching ratios for the states produced in capture to the Zl nucleus
such that a K x-ray occurs in the decay process. Guffey evaluated the
capture cross sections, Tng? through a Brinkman-Kramers formulation and

related the results to the x~-ray cross sections by means of
- (Zl,E) =N g(zl,E) . GTC(ZI,E) (2-24)

where N is the overall normalization constant. The normalization
constant was included since it is well known that the B-K approximation
leads to a large over-estimation of the cross section. More recent
theoretical work for other system523 have improved on the OBK approxi-
mation in giving the absolute capture cross section, but for capture

of loosely bound electrons, such calculations have not yet been
published. From the total capture cross sections found in this work,
and the x-ray cross sections from Guffey, the value of g(zl,E) was
calculated and compared to the value found through the Brinkman-Kramers
formulation. The results of this comparison will be given later in the

text.

12
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IT1I. ELECTRON TRANSFER EXPERIMENTS
a.) Definition of Process

When a beam of projectile ions of a given charge state is incident
on a target, a fraction of the beam undergoes charge exchange with the
target atoms. Thus, the outgoing beam contains ions with a variety of
different charge states. These charge states can be expressed in terms
of the relative charge fractions, ¢i’ where ¢i is the ratio of the
number of ions in state i to the total number of ions in all states,

and is given by

i
%1 = I, (3-1)
i 1

where o, is the number of ioms in a given state i. Since an ion méy
also be excited by the target, a charge fraction measurement represents
a summation over the excited states for each ionic charge emerging from
the target. Any excited state that decays by a mechanism that changes
the charge of an ion (Auger emission, for example) will be included in
the summation for the final charge state.
In general, the change in charge state of a beam of ions as it

passes through a target is given by the following set of differential

24

equations.

dg,
&= jii(ajid’j - 9y3%4) (3-2)

13



. . 2
where x is the target thickness in atoms/cm”. The equations are

written in terms of the charge exchange cross sections, Ui , of an

J
ion changing from a charge state i to a state j after undergoing a
collision with a target atom. Total charge transfer cross sections
are summations over cross sections for formation of well-defined
atomic states and in general depend upon many factors including the
possible distribution of final states of both projectile and target.
However, attempts have been made to identify the dependence of the
total charge transfer cross sections on the relative velocity between
the projectile and target, the charge state and atomic number of the
ions, and the state of excitation of the incoming beam. Dependence
upon the latter can be removed by choosing a long flight path of thé
incident beam before it reaches the targét chamber, such that the time
of flight is longer than the lifetimes of the excited states. For
example, the flight time for 1 MeV/amu ions from the foil stripper
to the target chamber in the present experiment is approximately 10_6

sec. This is long compared to the lifetime525 of the states of the ioms
of this experiment with the exception of the helium-like (1323)351 state
and the hydrogen-like 2s state. These lifetimes, plus others of interest,
are listed in Table (3-1) for the ions used in this experiment. For the
hydrogen-like state, the excited state is quenched in the motional

electric field of the charge selection magnet, while the helium-like

state will survive to the target chamber.

14



Table 3-1 A summary of the lifetimes for the wvarious
excited states of the ions used in this

experiment.

15



Table 3-1

State Z Lifetime (sec.)
2,60 x 1078
7 1.03 x 10°°
(2s) -7
8 4.64 x 10
9 2.29 x 10~/
" 6 1.64 x 10°12
=
n 7 8.86 x 10
g (2p) ~T3
°g° 8 5.20 x 10
o
oy 9 3.24 x 10713
6 1.38 x 10”11
7 7.47 x 10”12
(3p).
8 4.38 x 10”12
9 2.73 x 1012
6 3.02 x 10°°
L 7 1.06 x 107°
(1s2s) SO ;
8 4,33 x 10
9 1.98 x 1077
. 6 2.06 x 102
= -3
T 3 7 3.95 x 10
g (182s) S, -4
A 8 9.62 x 10
i
it <4
9 3.27 x 10
6 1.13 x 10742
7 5.54 x 10”13
(152p)1Pl T
8 3.03 x 10°
9 1.79 x 10713

16




6 1.77 x 107
. 7 1.47 x 1070
(1s2p) PO -8
8 1.26 x 10
9 1.10 x 1078
6 1.18 x 10°°
; 7 4.8 x 1072
(1s2p)72, _g
8 1.6 x 10
9 5.2 x 10”10
6 1.75 x 1078
.3 7 1.44 x 1072
(1s2p)°P, -8
8 1.22 x 10
9 1.04 x 1078
6 1.60 x 10”7
% 7 3.68 x 1078
8 1.07 x 10~
9 3.57 & 1077
s 6 6.37 x 1075
o -8
- " 7 1.45 x 10
E | as2s2m)ey), . - i
- ) 10
3 L
| 9 1.39 x 10
6 8.85 x 10°°
2 7 4.27 x 108
(1s282p) P
5/2 8 2.30 x 10”8
9 1.28 x 1072
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b.) Apparatus

Negative ions, extracted from the diode ion source, were accelerated
in the KSU tandem Van de Graaff accelerator. To produce the desired
ions, a second gas line was used to inject another gas into the hydrogen
arc. To obtain a carbon or nitrogen beam, a mixture of nitrogen and
methane gas was introduced into the source. This mixture produces CN
ions for acceleration. OH ions, obtained from water vapor, were used
to produce an oxygen beam. Negative F ions are usually available as a
contaminant in the ion source. However, when a sufficient beam current
could not be obtained, sulfur hexafluoride, SF6, was injected into the
source to produce a fluorine beam.

The negative ions were accelerated to the high voltage termimal of
the accelerator, see Figure 2. By using either a gas or a foil stripper,
electrons of the negative ions are stripped off at the terminal. The
positive ions that are produced are accelerated away from the terminal
with different energies depending upon the charge state of the ion. A
90° analyzing magnet was then used to momentum analyze the ions and
select out those with the desired emergy. To produce different charge
states, the beam was passed through a thin carbon foil (5—20ug/cm2)
after the analyzing magnet. The charge state of interest was then
selected by a switching magnet which directs the beam down the beam line
to the target chamber. This technique provides ions of a range of charge
states at the same beam energy.

The target chamber consisted of a diffefentially pumped gas cell as
shown in Figure 3. The overall length of the gas cell was 19.61 cm, and

was defined by four optically aligned circular apertures. The size of

18



Figure 2 A schematic diagram of the Kansas State University

tandem Van de Graaff accelerator.
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Figure 3 A schematic diagram of the gas target chamber and
charge spectrometer with position sensitive

detector.
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the apertures were 1.43, 1,48, 2,41, and 3.01 mm for S1, S2, 83, and S4
respectively. The pumping of the cell was accomplished by means of a
4 inch diffusion pump (P2) connected directly in front of and behind
the gas cell. Two other diffusion pumps (Pl and P3) were also utilized

6 to 10-'7

to maintain a residual gas pressure of 10 torr in the beam
line.

Maintaining a constant pressure within the target chamber was
accomplished by means of a Granville-Phillips automatic pressure
controller.26 The pressure was monitored by an MKS Baratron capacitance
manometer27 which sent a signal to the pressure controller (to open or
close a valve to the chamber) whenever the pressure deviated from a
preset value., To¢ prevent contaminants in the He gas handling system
from entering the target chamber, a liquid nitrogen trap was placed in
the gas line to extract any condensable vapor contaminants within the
system,

As the beam passes through the gas cell, a fraction of the incident
particles undergo charge exchange with the target gas. At approximately
80 cm behind the target cell, an electromagnet was set up to spacially
separate the various charge states of the emerging beam. After separating
the charge states, a position-sensitive surface barrier detector was used
to detect the ions of the emerging beam.

The detector, supplied by HNuclear Diodes, was a silicon surface
barrier detector capable of providing information about both the energy
and position of the incident ion simultaneously. When an ion enters the
detector, two signals are produced. The first is the collection of all

thie negative charge to a low resistance gold layer on the front of the

detector and gives a signal proportional to the total energy of the

23



incident particle. The second is from the collection of a portion of
the positive charge collected on a resistive strip in the back of the
detector. This signal is the product of the energy of the particle
times the fraction of the length from the grounded end of the resistive
layer and hence represents the position on which the ion impacted.
Since the various charge states are spacially separated by the electro-
magnet, the position sensitive detector was used to determine the
felative number of ions in a given state of the emerging beam.

The supporting electronics for the detector system is shown in
Figure 4. The energy and position signals are amplified by two Ortec
109A preamplifiers and two Ortec model 451 spectroscopy amplifiers,
After being delayed, the position signal was sent to an ADC and multi-
channel analyzer. Gating of the ADC was done by the energy signal
output from a single channel analyzer. Background particles, arising
from such things as slit-edge scattering, which have different energy
but the same magnetic rigidity as the particles of interest, are
prevented from being counted in the spectrum by the gating process.

A typical spectrum is shown in Figure 5 for 25 MeV 0+7 -+ He at a

pressure of 82.4 microns.

c.) Procedure

To perform this experiment, the counting rate of the detector was
kept below 1000 cts/sec to prevent electronic pile-up in the system
and also to ensure a reasonable lifetime of the detector. The counting
raté was monitored by both a scaler and a ratemeter. In a typical run,

4 x lO4 and 1 x 105 counts were taken for the incident bare nucleus and
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Figure 4 A schematic diagram showing the supporting electronics

for the detection system.
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Figure 5 A typical position spectrum from the experiment for
25 MeV 0+7 + He at a pressure of 82.4u. The spectrum
shows the single electron transfer from the +7 to the

+6 and +8 charge states for the incident ion.
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one-electron ions respectively, at a given gas pressure. For each
energy, data for at least four different gas pressures were taken.

The pressures were chosen judiciously to ensure "single collision
conditions" for the charge exchange process. For this particular work,
the criterion for "single collision conditions" was that oNZ& < 0.1,
where o is the largest cross section for removing an ion from the
incident charge state, N is the number of target atoms per cm3, and 2
igs the target gas cell length in cm. For this particular experiment,
it was found that this criterion permitted a first order solution of
Eq. (3-2) to be used to analyze the cross sections. The corrections to
the first order approximation of the cross section, and hence the
multiple ﬁrocesses, were calculated and in all cases found to be small.
Generally, the incident charge state was greater than 95% after under-
going charge exchange. The spectra were analyzed by integrating the
number of counts in each peak and calculating the fraction of ions
emerging in each charge state at the pressure of the run. The relative
charge fractions were then plotted as a function of pressure to obtain
the raw data from which the cross sections were determined. As an
example of the raw data collected in this experiment, Figure 6 shows

the charge fractions, ¢i’ versus the pressure for 16 MeV 0+7 -+ He.

d.) Analysis

As a beam passes through a given target, the rate equation for a
charge state ¢i is given by equation (3-2). A solution to this equation

for ¢i can be written as
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Figure 6 A typical diagram showing the various charge
fractions ¢i, versus the target cell pressure in

microns, for 16 MeV 0+7 + He.
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o, = ¢i(0) +_§ g.. %+ I o

i LN R (3-3)
L jH J#k ki

jk
where an exact solution contains all higher order terms. As a first
approximation, one neglects terms other than first order in target

thickness x, and the solution becomes

¢, = ¢,(0) + L o,.x (3-4)
1= % PP &
with the initial condition ¢u(0) = 1, where o is the incident charge
state, and ¢i#a(0) << 1, Ignoring multiple processes, the single
electron transfer cross section can be written as

d¢
_ i =
%4 ~ ax (3-5)

Thus the slope of the charge fraction ¢i versus the target thickness x,
gives a first order approximation to the siﬁgle electron capture and
loss cross sections.

To evaluate the contribution of second order terms to the cross
section, we consider only a three state system aij. For a Helium target
this is sufficient since double electron transfer cross sections are

small. The second order expression is then given approximately by

¢; = 6,00 + o, =x(1 % GquJ exP(—Uajx) ‘ (3-6)
dg, _d¢
6 % 0,00 + o, x(1 £ Tt exp( L %) (3-7)
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where the sign in the parenthesis is determined by the competing
processes which can either add to or subtract from the charge fraction
of interest ¢i. Also included is an exponential term which accounts
for the depletion of the initial charge fraction with target thickness.
Thus the corrections to the first-order approximation can be determined
from the quantity in parenthesis in Eq. (3-7). In general, the second-
order corrections were small, usually less than 3%, although in a few
instances, the corrections reached 13%. Even this correction justifies
the analysis using the first-order approximations to determine the cross
sections.

The target thickness, x in atoms/cmz, was related to the pressure

by means of the ideal gas law in the following equation

X =-§% 2(cm) P(u) (3-8)
where Na = 6,025 x 1023 atoms/mole (Avagadro's number), R = 8.313
joules/mole - °k (universal gas constant), T is the temperature in
units of oK, 2 is the target cell length in cm, and P is the pressure
in units of microns of Hg. Using this, the single charge transfer cross
section can be written as

d¢i

gui =k m (3-9)

where k = RT/Na£ is a constant. T is assumed to be room temperature

throughout the course of the experiment., The value of k can be found
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by precisely measuring the target length %. The absolute scale cali-
bration, determined in this way, was also checked by a normalization
process discussed later in this work.

To obtain the experimental cross sections, the values of d¢i/dP(u)
were determined for each charge fraction ¢i. A program was developed
to obtain the best straight line fit to the experimental data points by

27 The slope of this line, along with the

a least squares method.
constant k, was used to find the single charge transfer cross sections
to first-order. This value was then improved by incorporating the
second-order correction term given previously. This procedure was

performed for each ion to obtain the single charge transfer cross

sections over the energy range of interest.

e.) Errors and Uncertainties

The uncertainty in a quantity measured experimentally is dependent
upon the precision of the instruments used and the propagation of these
errors in the analysis. In this work, there are two major sources that
contribute to the uncertainty in the measurements. These include the
uncertainty in the measured gas pressure within the target chamber, and
the statistical error arising from the number of counts in each peak in
a spectrum, where each peak corresponds to a given charge state. Other
sources of error in the absolute cross section include the absolute
pressure calibration, the efficiency of detecting a charged particle at
a given position along the position-sensitive detector, and the un-

certainty in determining the absolute normalization comstant k.
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To eliminate the uncertainty in detector efficiency over the range
of the detector, different magnet settings and detector pesitions were
used throughout the course of the experiment. Periodically, the spectra
were checked while changing the magnet current or detector position to
ensure the best possible resolution and also to see that the efficiency
of the different positions along the detector was not changing.

In most spectra, the peak to background ratio is large enough that
background particles being counted do not play a significant role in
adding to the uncertainty of the charge transfer measurements. In a few
instances, where the cross section is small, and that to other states
large did this factor introduce any significant error into the measure-
ments. Even in these cases other errors were larger than this contri-
bution and it was not included in the calculation of the error in the
cross sections,

To minimize the error im the pressure reading, the pressure was
measured both at the start and finish of a run. The average of these
two values was taken as the pressure within the target chamber. Any run
where the difference in pressure from start to finish varied by more than
10%Z of the full scale value was deleted and the data retaken. Usually
the cell pressure was at least equal to the full scale manometer setting.
In general, the pressure drift was less than 3% of the full scale value
from start to finish, while the quoted accuracy of the pressure meter
is from 1 - 3% of the full scale value. Utilizing the instrumental
error, the relative error in the pressure reading was obtained by
multiplying this value times the full scale value. The percent error was

then found by comparing this to an intermediate pressure of a given run.
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To find the total error on the cross section, other contributions
must also be considered. In the least squares fitting program, the
uncertainty in the slope for the best straight line fit was calculated.
The error in the slope was compared to the statistical error inherent
in the number of counts at an intermediate pressure. The larger of
these two values was added in quadrature to the pressure error to give
the total relative error for a given first-order cross section. 1In
general, the relative erfors on the charge transfer cross sections are
less than 10%.

Since the absolute normalization of the cross sections comes from
the constant k in Eq. (3-9), the choice of the constant used could
introduce a systematic error in all the measurements, thereby effecting
the absolute error. Several different methods were used to check and
recheck the value of this constant. All of the values obtained for k,
utilizing the different methods, agree within the experimental error.
The uncertainty in k, and hence the error due to the absolute normali-
zation of the cross sections, is less than 6%. The methods used to

evaluate this constant will be discussed in the following section.

f.) Normalization

The first method of evaluating k is through geometric comnsiderations.
The relationship between the target thickness and the pressure in the gas
cell is given by Eq. (3-8). The constant k is then simply a function of
the target cell parameters, k = RT/NaE. Care was taken in evaluating
the‘cell length since cell end effects could play a role. The cell

length used in this evaluation was the measured cell length plus three
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times the radius of the slits at the front and back of the cell.28

The correction to the length of the cell was approximately 3%. The
value of k measured in this fashion was found to be k = 1.55
X 10_15 + .09 cm2 -ufatom.

This value was checked by comparison with other experimental

" which together give the charge transfer cross sections

measurements,
for C, N, O, and F in argon gas. With the experimental set-up and
procedure used in this work, the experiments in argon were redone to
obtain values for the change in the charge fraction versus pressure,
d¢i/dP(u). The normalization constant was then obtained by using the
cross sections from the previous measurements in argon. This was done
using different ions with different energies and the results were
compared to the value of k found through geometric considerations.
Table 3-2 lists the values of k found by the various methods. The
average of these values agree to within 6%.

An approximate normalization to experimental results is available
for the electron capture cross sections using the total x-ray cross
sections for fluorine on He by Guffey.22 The x-ray cross sections
provide a lower limit to the total electrom capture cross sections,
and were used to determine a lower limit to the normalization constant.
The value of the constant obtained was approximately 80% of that found
geometrically. One would expect this difference since a K x-ray is
emitted when the electron is captured to a state other than the 1ls and
2s states and then only with a branching ratio that is approximately

22

88%. Hence the total x-ray cross section is less than the total

capture cross section and the results of this comparison confirm the
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Table 3-2

A summary of the values found for the normalization
constant k. The values of k were found through
geometric considerations, using previously measured
charge transfer cross sections in argon, and
previous x-ray measurements. The values from the
X-ray measurements provide a lower limit to the

normalization constant.
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Table 3-2

Normalization Constant -k

Geometrically 1:58 % 10"]'5 cm2 -u/atom
23,5 Mev 018 > Ar 1.22 x 1071
25.0 MeV F'° + Ar 1.62 x 10717
18.25 Mev N'© + Ar 1.42 x 1071°
18.25 MeV N'/ + Ar 1.55 x 10712
17.85 Mev C'0 > Ar 1.45 x 10717
17.85 MeV C™° ~+ Ar 1.42 x 10712
17.85 Mev ¢T0 > Ar 1.62 x 10713

Ave: 1.47 x 10°%°
From x-ray Measurements

(lower limit)

19 MeV F'2 > He 1.27 x 1071

32 MeV F'° > He 1.09 x 10710
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magnitude of the x-ray cross sections to an accuracy of approximately
30%.

For the normalization of the final data, the value used for the
normalization constant k was the value found utilizing geometric
considerations (k = 1.55 x 10—15 + .09 cmz-u/atom). .The other methods
used, namely comparisons with previous measurements in argon and x-ray

measurements, confirm the choice of this constant to within the

experimental error.
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IV. RESULTS AND DISCUSSION
a.} Experimental Cross Sectiomns

Single electron capture and loss cross sections were measured as a
function of energy for bare nuclei and one-electron ions of carbonm,
nitrogen, oxygen, and fluorine incident on helium gas. The cross
sections were extracted by the "initial growth method" and the results
of these measurements and their uncertainties are given in Tables 4-1
to 4-4. The results can also be seen in graphical form in Figures 7 to
10 where the cross sections afe plotted as a function of incident ion
energy. The solid lines in the figures are drawn to guide the eye.

In general, the single electron capture cross sections fall off by
several orders of magnitude over the energy range of interest for the
various incident ions used. The single electron loss or ionization cross
sections exhibit a very broad maximum over the energy range of this work,
that .is, near the peak of the cross section. The general shape of the
ionization curves can be understood qualitatively by the following. At
low incident energies, i.e. small relative velocities, the cross section
increases with energy because of the increased momentum transfer avail-
able to the electron of interest. At high energies, the cross section
decreases with increasing energy because the interaction time between
the projectile and target atoms is becoming appreciably smaller. The
peak of the cross section occurs when the ion velocity and the velocity

of the electron that is to be ionized are approximately equal.
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Tables 4-1 to 4-4 Single electron transfer cross sectioms, for

Gij’
carbon, nitrogen, oxygen, and fluorine incident on
helium gas. The cross sections are given over a

range of energies, with their relative uncertainties,

in units of cmzlatom.
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Table 4-1

C+q + He; cross sections, Gij’ in cmzlatom
with relative uncertainties
Energy (MeV) g5 Tey O

6.03 | 2.49 x 1077 + .15| 1.36 x 10717 + .07] 5.07 x 10717 £ .52

8.33 | 7.78 x 10018 + .65| 4.0L x 10718 £ 28] 6.60 x 1071% = .67
10.5 2.87 x 1078 + 14| 1.42 x 10018 £ .07| 6.10 x 107%% + .32
12.0 1.77 x 10018 & ,17] 8.68 x 107° + .37 7.23 x 10717 = .48
13.58 | 8.13x 10°2° + 46| 3.61 x 10717 = .22 8.23 x 107° + .44
16.0 5.72 x 1001 & .39 2.62 x 1072 £ .18 7.78 x 10717 £ .35
18.5 2.87 x 101 + .18 1.41 x 10717 * .09 6.71 x 1071 £ .24
18.75 2.81 x 10722 + .27] 1.34 x 1071 + 09| 6.83 x 1077 £ .35
20.5 2.08 x 102 + .15] 9.12 x 10717 = .54 6.52 x 107%° & .22
22.5 1.28 x 10712 + 13| 6.43 x 10729 £ .50| 6.24 x 2071 £ .22
24,12 | 1.08 x 10722 £ .09 4.61 x 10720 £ .46 6.49 x 10720 £ .33
25.5 8.39 x 10720 + .75{ 3.36 x 10720 + .46| 6.00 x 10717 = .18
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Table 4-2

N+q + He; cross sectioms, cij’ in cmzlatom
with relative uncertainties
Energy (MeV) 976 Te5 Og7

5.17 | 8.22x 107 & ,95| 5.21 x 1077 & .34|  —mm—em-

7.1 | 3.76 x 1007 & .21] 2.20 x 107 = .08| 2.16 x 10717 £ .40
11.66 | 5.20 x 10718 & 20| 3.41 x 10728 & L12{ 3.71 x 10710 = .32
14.0 R it ] A S (- _—

16.1 1.44 x 10018 + 07] 7.67 x 107% & .33 4.03 x 10717 £ .29
20.69 | 5.53 % 10027 & .31] 2.84 x 10722 £ .20 3.92 x 10717 = .28
25.1 2.56 % 1079 + 18] 1.45 x 10717 = .08 4.06 x 107 = .19
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Table 4-3

0+q + Hej cross sections, O‘ij, in cmzlatom
with relative uncertainties
Energy (MeV) Og7 926 9sg
9 3.51 x 10717 + .26 | 2.40 x 10717 £ L12| 1.25 x 1079 & .13
16 4.33 x 1008 + 14 2.48 x 10718 £ 07 1.90 x 107° £ .19
20 1.63 x 10718 £ .10] 9.43 x 10717 £ .03f 2.36 x 107 + .21
25 6.37 x 10712 + .17(3.82 x 10722 + .24 2.48 x 10717 & .17
30 2.89 x 1077.+ .15 1.59 x 107 + 07| 2.07 x 10717 = .18
36 1.28 x 1072 + .10| 7.57 x 10020 = .46 2.62 x 107° + .11
40 8.56 x 10720 +1.02| 5.01 x 10720 = .27 2.49 x 107*° = .08
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Table 4-4

F+q + He; cross sections, Gij, in cmzfatom
with relative uncertainties
Energy (MeV) T9q Og9 Ig9
10.7 4.40 x 10717 & (19 3.48 x 10717 £ 11| 6.14 x 10720 $1.13
13 2.24 x 1077 & .09] 1.74 x 107 = .06| 5.90 x 10720 +1.08
16 9.39 x 1008 + 34| 7,73 x 1078 = 36| 1.23x 10710 £ .19
19 5.26 x 10718 + .23[ 3.72 x 10718 £ .14 1.07 x 1071 £ .13
22 2.75x 1008 + 13] 1,08 x 1071% = 22| 1.13x 10710 + .26
25 1.75 x 1078 + 06| 1.22 x 10718 = 03| 1.08 x 107° + .10
27 1.20 x 10718 & .05| 8.23 x 1072% + .25 1.55 x 10717 £ .16
29.7 8.99 x 1072% + .56| 5.84 x 1071 * 31| 1.58 x 107*° + .10
32 5.61x 10022 + .31] 4.04 x 10712 + .09 1.45 x 107% = .06
35 3,50 % 1070 & 81|  sesees 1.53 x 10717 + .37
41 2.26 x 10722 & .19| 1.32 x 1071% + .08 1.55 x 1077 £ .21
47 1.40 x 1072 + 06| 8.28 x 10720 + 50| 1.70 x 107° = .02
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Figures 7-10

The single charge transfer cross sections for the
bare nuclei and one~electron ions of carbon, nitrogen,
oxygen, and fluorine incident on helium gas. The
cross sections are given in units of cmzlatom, as a

function of projectile energy. The solid curves are

drawn to guide the eye.
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b.) Comparison with PWBA for Electron Loss

Tonization cross sections have been computed utilizing the PWBA
calculation for the one-electron ions of C, N, 0, and F incident on
He gas. The calculation utilizes the results of protons on hydrogen
scaled by the factor zi/zg, where Zl and ZZ are the atomic numbers of
the projectile and target atoms respectively. The results of this
calculation are compared to the experimentally determined cross sections
for ionization in Figure 11, where the curves represent the PWBA calcu-
lation for the various ions. As can be seen from the figure, the
agreement between the experimental results and the PWBA calculation are
excellent, within the limits of the experimental error. The close
agreement between the two indicates that the PWBA calculation accurately
describes the simple systems chosen for this experiment without the use
of correction terms used by other workers.20 Also,. the comparison shows
that the cross sections do indeed scale by the factor Zifzg, and the
absolute magnitude of the curves for the various values of Z2 are correct.

In Figure 12, the PWBA curves for the ions of interest are compared
to the PWBA with Coulomb deflection and binding energy corrections.20
In general, the corrections due to Coulomb deflection are much less than
1%, while the binding energy correction is significant. At low energies,
the binding energy correction lowers the cross section by about 40%,
while at high energies, the cross section ié lowered by approximately 10%.
In addition to the Coulomb deflection and binding energy corrections, cne
can_also include a polarization correction term.20 The comparison between

the PWBA with the three corrections (PWBABCP), and the experimental

results is shown in Figure 13. Once again, the agreement is good, within
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Figure 11

The ionization cross sections for the one-electron
ions of carbon, nitrogen, oxygen and fluorine
incident on helium gas. The cross sections are in
units of cmz/atom, and afe given as a function of
projectile energy. The solid curves represent a

theoretical PWBA calculation.
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Figure 12 The theoretical PWBA curves for the ions of interest
(solid curves in the figure) are compared to the
PWBA with Coulomb deflection and binding energy

corrections (dashed curves in the figure).
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Figure 13 A comparison between the ionization cross sections

and the theoretical PWBA with Coulomb deflection,

binding energy, and polarization corrections

(PWBABCP) .
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the experimental error. However, the present work shows that these
corrections are not necessary in order to obtain agreement between
theory and experiment. The PWBA calculation, in which no correction

terms are included, gives good agreement with experimental results.

¢.) Comparison with X-ray Cross Sections for Electron Capture

Following electron capture, x~ray production may result by a
de-excitation process, if the capture was to an excited state of the
atom. Figure 14 shows a typical example of the x-ray cross sections of
Guffey,22 represented by a dashed line, as compared to the single electron
capture cross sections of this work, the solid line in the figure. The
data is for bare oxygen incident on helium gas and is given as a function
of projectile energy. In general, at low energies the x-ray cross
sections are approximately 70% of the capture cross sections. However,
one sees that the x-ray cross sections fall more rapidly with energy than
do the capture cross sections,

The x-ray and capture cross sections were also compared through the
use of the function g(Zl,E) from Eq. (2-23). Figures 15 through 18 show
g(zl,E) from a Brinkman-Kramers calculation (dashed curves in the figures),
compared to the same function using the capture cross sections of this
work (solid curves in the figures). It is clear from the figures that
the ratio of x-ray to capture cross sections obtained through a Brinkman-
Kramers calculation do not agree with experimental results. This
comparison shows that the single normalization constant for capture to
each state, which was used in the theoretical analysis of the x-ray cross

sections, is inadequate. In particular, the present results show that
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Figure 14

A comparison between the single electron capture and
4 +8 ;
x-ray cross sections for 0 ~ + He. The cross sections

. . 2 . .
are in units of ecm“/atom and are given as a function

of projectile energy.
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Figures 15-18

The function g(Zl,E) calculated from a Brinkman-
Kramers forumlation (dashed lines in the figures)
as compared to the same function found utilizing
the capture cross secfions of this work (solid

lines in the figures).
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the B-K calculation underestimates the capture of the electrom to the
18 and 2s states as compared to the higher, xX-ray emitting states.
Comparisons can also be made between the x-ray and capture cross
sections for the one-electron projectiles incident on helium gas. This
comparison is shown in Figure 19. 1In this figure, there is an added
feature in that the two curves cross over. This feature can be under-
stood qualitatively in terms of the electron already present on the
projectile. Not only can the capture of an electron by the projectile
give rise to K x-rays, but also the excitation of the electron already
present on the projectile can contribute to the total x-~ray cross
section. The latter contribution increases rapidly with increasing
energy towards a maximum which occurs when the velocity of the projec-
tile and the mean velocity of the K-shell electron are approximately
equal. Hence, the single electron capture and total x-ray curves cross

over for the one-electron projectiles.
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Figure 19 A comparison between the single electron capture and
x~ray cross sectiomns for 0+7 + He. The cross sections

are in units of cmzlatom and are given as a function

of projectile energy.
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V. SUMMARY

Single electron capture and loss cross sections have been
experimentally measured for bare nﬁclei and one-electron ions.of carbon,
nitrogen, oxygen, and fluorine incident on helium gas. The cross
sections were measured as a function of energy in the range of 0.5 -
2.5 MeV/amu., Low target gas pressures were utilized to extract charge
transfer cross sections by the "initial growth method." In general,
gsingle capture cross sections fall off by several orders of magnitude
with increasing projectile energy. The ionization cross sections,
however, exhibit a very broad maximum over the range of interest.

Comparisons have been made between the ionization cross sections
for the various ions and a theoretical PWBA calculation. The PWBA
calculation utilizes the results of protons on hydrogen scaled by the
factor zi/zg. For the hydrogen-like ions useq, the agreement between
the experimental results and the theoretical calculation is remarkably
good. The PWBA cross sections are lowered by approximately 40% at low
energies, and 10% at high energies by including Coulomb deflection and
binding emnergy corrections in the calculation. Hence, the PWBABC does
not give good agreement with the experimental results. With the
additional correction from polarization, the agreement is once again
good. However, the present results show that these corrections are mot
necessary in order to obtain agreement between experiment and theory
since the PWBA calculation, without the inclusion of any correction
terms, gives good agreement. This is contrary to the conclusions in the
wofk of otherszo who have studied ionization of screened K-shell

electrons. ' It should be noted, however, that the ionization process
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studied in this work is near the peak of the cross section where the
PWBA .and PWBABCP results are similar. Figure 20 shows the PWBA calcu-
lations with and without the various correction terms over an extended
energy range for fluorine on helium. It can be seen from the figure
that the curves tend to diverge in the low energy region. Thus measure-
ments of the cross sections at lower energies for one-electron ions
would provide a good test for the corrections to the PWBA, but this
remains a subject for further investigation.

Single electron capture cross sections were compared to total
x-ray cross sections. The results of this comparison confirms the
magnitude of the x~ray cross sections to an accuracy of “30%. A
comparison was also made for the ratio of the x-ray cross section to the
total capture cross section from this work, to the same ratio calculated
from a Brinkman-Kramers formulation. There is not good agreement between
experiment and the B-K calculation, showing that the single normalization
constant -used in the analysis of the x-ray cross sections for capture to
each state is inadequate. In particular, the capture of the electron to
the 1s and 2s states is underestimated, as compared to the higher x-ray

emitting states, in the B-K calculation.



Figure 20

The theoretical PWBA curves with Coulomb deflection,
binding energy, and polarization corrections are
shown for F+8 + He. The cross sections are given
over an extended energy range with the present range

indicated by arrows in the figure.
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APPENDIX 1

The following table lists the PWBA ionization cross section as a
function of velocity (or eV/amu) for p + H(ls) - p + p + e. Cross
sections for bare ions on other hydrogen systems may be computed using

the scaling law, namely

2
£y
CI(Zl’ ZZ’ vinc) = 7 4 o(l, 1, vinc/ZE)
‘ 2

where Zl is the projectile charge, 22 the target charge, and LT~ is the

relative velocity. o(l, 1, v) is tabulated here.

2
Example: 25.6 MeV 0+7(1s) + He+2 +0+8 + He+“ + e. Calculation of v

inc:

%Mv % E = 25,6 MeV or 1.6 MeV/amu
inc

inc  _ _ _25.6 MeV
12 "ER="55 e
Smv
2 0o
1/2
- E/R - -
LA [ M/m ] = 8v0 = 8 a.u.

Calculation of cross section.

2 -17 2
Zl = 2, 22 = 8, L 8, ma " o= 8.79 x 10 “'cm
vinc/ZZ = B/8
= 2
1
U(zl’ ZZ’ vinc) N ;_Z o(l, 1, vinc/z2)
2
_ 4 _ 1 2
= %096 c(l, 1, 8/8) = 1034 2.43(ﬂao )
9 2

2.09 x 10 em

For systems with 2 K-shell electroms, the results are doubled.
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Table A-1

PWBA Ionization Cross Sections for p + H(1s) = p +p + e

Projectile Projectile energy Cross section
velocity (a.u.) (ev/amu) (Trao?-)
.05 6.248D 01 4,28D-07
.05125 6.565D 01 5.20D-07
.0525 6.888D 01 6.28D-07
.055 7.560D 01 9.06D-07
.0575 8.263D 01 1.28D-06
.06 8.997D 01 1.79D-06
.0625 9.762D 01 2.47D-06
.065 1.056D 02 3.35D-06
.0675 1.139D 02 4.,50D-06
.07 1.225D 02 5.97D-06
.0725 1.314D 02 7.83D-06
.075 1.406D 02 1.02D-05
0775 1.501D 02 1.31D-05
.08 1.599D 02 1.67D-05
.0825 1.701D 02 2.12D-05
.085 1.806D 02 2,.67D-05
.0875 1.913D 02 3.32D-05
.09 2.024D 02 4.12D-05
.0925 2.,138D 02 5.08D-05
.095 2,255D 02 6.22D-05
.0975 2.376D 02 7.57D=-05
wih 2,499D 02 9.16D--05
o 3.024D 02 1.87D-04
.12 3.599D 02 3.56D-04
.13 4,223D 02 6.38D-04
.14 4.898D 02 1.09D--03
.15 5.623D 02 1.77D-03
.16 6.398D 02 2.78D-03
.17 7.222D 02 4.20D-03
.18 8.097D 02 6.16D-03
.19 9.022D 02 8.80D-03

7




Projectile Projectile energy Cross section
velocity (a.u.) (ev/amu) (Traoz)
.20 9.996D 02 1.23p-02
225 1.265D 03 2.55D-02
«Z5 1.562Dp 03 4,75D-02
w275 1.888D 03 8.04D~02
.3 2.249D 03 1.27D-01
.35 3.061D 03 2,63D-01
A 3.999D 03 4,57D-01
45 5.061D 03 6.95D-01
+J 6.248D 03 9.58D-01
«55 7.560D 03 1.23D
i 8.997D 03 1.49D
.65 1.056D 04 1.72D
of 1.225D 04 _ 1.92D
.75 1.406D 04 2.09D
.8 1.599D 04 2.22D
.85 1.806D 04 2.32D
9 2.024D 04 2.38D
«95 2.255D 04 2.42D
1. 2,499D 04 2.43D
1.25 3.905D 04 2.27D
1.5 5.623D 04 1.95D
L. 15 7.653D 04 1.63D
2, 9.996D 04 1,350
2.5 1.562D 05 9.35D-01
3y 2,249D 05 6.73D-01
3.5 3.061D 05 5.05D-01
4. 3.999D 05 3.90D-01
s 6.248D 05 2.56D~-01
6. 8.997D 05 1.79D~-01
7. 1.225D 06 1.31p-01
8. 1.599D 06 1.00D-01
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Projectile Projectile energy Cross section
velocity (a.u.) (ev/amu) (Traoz)
9. 2.024D 06 7.86D-02
10. 2.499D 06 6.29D-02
12.5 3.905D 06 3.78D0-02
1B 5.623D 06 2.3%D-02
17.5 7.653D 06 1.56D-02
20. 9.996D 06 1.03D-02
22.5 1.265D 07 7.03D-03
25, 1.562D 07 4,81D-03
27.5 1.890D 07 3.37D-03
30. 2.249D 07 2.41D-03
32,5 2.639D 07 1.73D-03
35. 3.061D 07 1.29D-03
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ABSTRACT

Experimentally measured single electron transfer cross sections
are presented for bare nuclei and one-electron ions of carbon, nitrogen,
oxygen, and fluorine following collisions with a helium gas target. The
cross sections were measured as a function of projectile energy by the
"initial growth method" in the range from 0.5 - 2.5 MeV/amu. A compar-
ison is made between the ionization cross sections and a theoretical
PWBA calculation. The agreement between experiment and theory, without
inclusion of Coulomb deflection and binding energy corrections in the
PWBA, is excellent, within the experimental error. Comparisons are
also made between the capture cross sections and previously measured
total projectile x-ray cross sections. The results confirm the magnitude
of the x-ray cross sections to an accuracy of ~30%. The ratio of the
X~ray cross sections to the total capture cross section is compared to
the same ratio found through a Brinkman-Kramers calculation. The results
of this comparison show that the single normalization constant for the
capture to each state, which was used in the theoretical analysis of the
X-ray cross sections, is inadequate. In particular, the results show
that the Brinkman-Kramers calculation underestimates the capture of the
-electron to the 1s and 2s states as compared to the higher, x-ray emitting

states.



