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I. INTRODUCTION

In ion-atom collisions a number of inelastic, atomic processes may
occur that have been studied in some length, both experimentallyl and
.theoreticallyz. These processes include excitation, ionization, and charge-
transfer. We can assume that the magnitude of the cross section for each
process depends upon the velocity of the projectile, the atomic number of
both the target and projectile, the violence of the collision which may be
identified by an impact parameter, the initial state of the projectile, and
the final state of both projectile and target. All of these processes in-—
volve a Coulomb interaction between the projectile and target atom with a
transition taking place to a different final state for at least one electron.

Consider the transition of an electron during the collision from an
initial state of the target atom to some final state. If the final state
of the electron is a bound state of the target the process is excitation; if
the final state is a continuum state the process is ionization; while if the
final state of the electron is a bound state of the projectile the process
is electron capture. In-all three of these processes the result of the col-
lision is to produce a vacancy in one shell of the target atom which sub-
sequently decays, either by emitting a photon or Auger electron, which may be
detected. This paper will deal with the way iﬁ which a calculation of cross
sections in a Brinkman-Kramers approximation can be used to interpret the
results of a variety of experiments involving the electron capture process.

The electron capture process is a three-body problem involving the
projectile ion, the target nucleus, and the target electron that is captured

by the projectile. From the outset, a one-electron model is assumed to



describe the process. The electron is initially in a bound state of the
target atom and after the collision is In a bound state of the projectile.
The capture process is difficult to describe theoretically, even for the
simplest systems, because the initial and final atomic states of the electron
~are not orthogonal, unless two-center molecular-like wave functions are used
to describe these states dynamically. This non-orthogonality of the usual
atomic basis states makes a good calculation extremely cumbersome and, even
for the simplest system of protoné capturing an electron from hydrogen,

there is some confusion in the literature regarding which approximations

give the most accurate description of the electron capture process.

For the one-electron capture process described by

At e B @) oA ) +87, (1)

the total cross section for capture from state 1 to f is given by,

I
%ap. = K S Tl ao . (2)

The constant K involves the reduced masses in the initial and final states

and the relative momenta of the colliding systems. The quantities, , are

Tif
the matrix elements of the transition amplitude and, if first order pertur-
bation theory is applied, are assumed to be replaceable by the matrix

elements of the interaction potential, V _, between the projectile and the

T?
target atom. This interaction potential can be written as the sum of two
terms: (i) the interaction potential between the projectile and target

nucleus, Vc, and (ii) the interaction potential between the projectile and
the captured electron, Vep' In other words, the interaction matrix may be

written as,

Tye = <Y [V [v> + <wf|vep|wi> g (3)

where ?i and Wf are the initial and final wave functions of the system. If



Wi and Wf include orthogonal electron wave functions describing the captured

electron in the two-nucleus system, then the first term above vanishes since
Vc is independent of electron coordinates and ?i, ?f are orthogonal. Since
the exact two-center wave functions are difficult to compute, non-orthogonal
~wave functions, based respectively onlthe target and projectile and satis-

fying both incoming and outgoing boundary conditions, have been used by many

6,31,32

authors in order to approximate the capture process. It is usually

assumed that both the initial and final wave functions are separable and are

of the form:

&> >
ol k*r
electron

W"w ¢' ’ (f})

nucleus

where ¢ is a hydrogenic bound state wave function,

electron
The question now arises whether or not the projectile-nucleus term of
the interaction potential, Vc, should be included in the interaction matrix,

T Several authorsz"5 have argued that this term should be included in

if"*
first order calculations to compensate for the non-orthogonality of the wave
functions. Although calculations carried out in this way for protons on
hydrogen show close agreement with EXPErimentS, this agreement is lost as one
moves to the heavy target systems since, in this case, Vc dominates the
interaction and not only causes the cross section to be much larger than the
experimental values, but more importantly causes the details of the electron-
projectile interactions, vep’ to be lost. This can be understood by observ-

ing that for z, >> 1, Vc dominates

2
Z. e 2.Z,.e
1 172
V.=V _+V, =- -
Tooer G HEEI *

where 2122 are the nuclear charges of the projectile and target, |¥| is the



distance between the projectile and the captured electron and |?'! is the
distance between the projectile and the target nucleus. Also, it can be seen,

from Eq. (5), that a zero may occur in V_ and therefore the cross section

T
that is calculated with it will pass through a minimum as the impact param-
eter is variedza. At the impact parameter corresponding to this minimum it
has been foundzy that higher order terms in a perturbation expansion dominate
the cross section for protans on hydrogen, and hence the significance of the
zero in VT is questionable in a real capture situation. Since the Vc term
does not contribute to the interaction that would be used to describe a
capture-transition in an exact calculation and, since its inclusion in a
perturbation—theory-calculation gives a non-physical interpretation to the
problem (and the wrong results for heavy targets), it appears reasonable to
omit Vc in an approximate treatment of the capture process in which trends

of the cross section are to be examined. In fact, it has been shown by
Bassel and Gerjuoyﬁ, and Day et al.7 that the exclusion of the Vc term is
indeed a valid approximation in the case of an infinite mass target atom.
That is, for large target mass, the Vc term does not_contribute to the
transition probability. Therefore, a calculation which includes only the
projectile-electron term in the interaction is expected to more reasonably
describe the capture process.

A calculation of this type has been performed as early as 1928 by
0ppenheimer8 and in 1930 by Brinkman and Kramersg. This calculation, com-
monly known as the Brinkman-Kramers approximation, describes the capture
process for proton-like projectiles on hydrogen-like targéts for ground state

to ground statetransitions. The cross sections obtained in this calculation

are normally two to four times too large when compared with experimental



results. However, these calculations give a reasonable agreement with the
experimental dependence on the velocity and final states of the electron in

29’33, and may give a reasonable distribution of the cross sec-

the projectile
tion over impact parameter.

Various authorslo’6 have modified the Brinkman-Kramers approximation for
more complicated systems using different potentials and wave functions in an
attempt to take into account the non-orthogonality of the atomic basis states
usually employved in the calculation. This paper will deal with a formulation
in the Brinkman-Kramers approximation that was done by Nikolaev12 and the
results that can be compared to data from several different types of ekperi-
ments in which the electron capture process is dominant.

Starting from the one-electron model in the Brinkman-Kramers approxi-
mation, Nikolaev, in 1967, derived a general formula of the capture cross
section for arbitrary values of the external and internal screening param-—
eters for closed shell target atoms and bare nuclei as projectiles. This
approximation includes an identification of an atomic shell of equivalent
electrons only by the principle quantum number n in the calculation while
all information about the other quantum numbers, m and 1, has been averaged
for each-shell. No consideration of electron spin has been made in the for-
mulation.

The expression for the cross section for capture by a fully stripped

nucleus of charge Z_ is given by:

1
2
iq) v’n 29> 2asen %, ) L (®)

8
~ 2 2 2
o(ny,ny) =7 a ™ = Nony (v

where:

o ﬁz/ezme, the atomic unit of length,

v = ezfﬁ, the atomic unit of velocity,



N2 is the number of electrons in the shell from which
the captured electron came in the target atom,

is the principal quantum number of the initial state
of the electron in a specific target shell,

)

n, is the principal quantum number of the final state of
the electron in a specific projectile shell,

u, is the mean velocity of the electron in the target shell,

2

n, is the ratio of the electron velocity in the final
to initial state: i.e. n_ = Zlvb/n u, = (s/ea)lfz,
where e, = 1/2 m u,? is tﬂﬁ Eindlggzenergy of the
initial®state and € = m 2. e /2n."h" is the binding
energy of the hydrogen—fike final state,
B gives the deviation of the target binding e&er§§ grom.
strict hydrogen-like scaling: B = 22 ) _.*;_) -1,
5
n?* a
2
- 2 -4 -1 -
¥ o= AR )V 4 (@ =TT 0P ana

V is the ratio of the projectile velocity to the
velocity of the electron in the target: v/u2

(1-.258Y) By < 1

¢, (BY) = -

e ()% gy < 5.
The binding energies used for specific target shells are taken from Lot213
and the screened nuclear charge values from Clementi and Raimondila.

In deriving Eq. (6), Nikolaev has introduced the important external
screening parameter, RB. However, if no screening is included (ie.B=0),
Eq. (6) reduces to

2 5 5
2 .8 2
o(nl,nz) =Ta g__Nz ny (fg) Yo, 5 (7
5 v
or
18 5 5. 17
il e = m B 2. 2 u, Zl v N2 1 5
Ea R 3 2 775 | &
v hl (1+2(1+n )V “+(Q-n_")"V D1,
n n

or 2

18 5 12
mag 2 (2122) VO N2
o(n,,n,) = (9)
1’2 5 312 -2 2,2 -4715 °?

50,70, v [(1+2(1+qn)v +(1-n_% EI

2



which can be shown to be equivalent to the expression for the capture cross

9,25,3

section derived by Schiff24 and others In the limit of high projec-

tile velocity, v, this reduces further to the more familiar form
2 .18 5
g(n,,n,) = i % N2 (2122)
1*72
By 5 n 3 v}Z
2 1

, - (10)

which is independent of the velocity ratio of the final to initial states,
nn. This parameter becomes important at low projectile velocities since the
scaled projectile velocity, V, is then small enocugh to allow L to contribute
to the cross section. 1In this velocity range, n is large for low binding
energy target electrons and heavy projectiles. Thus, the inclusion of this
parameter decreases the cross sections. For example, fluorine ions with
hydrogen-like binding energies of 1100, 275, and 122 eV for the K,L, and M
shells respectively, incident on hydrogen atoms with 13.6 eV binding energy
electrons have values for n, of 81, 21, and 9 which are particularly impor-
tant for V < 5. On the other hand, if the target and projectile are both
heavy the capture cross section obtained in Eq. (6) reflects the level match-
ing effects and will contain a maximum for nn;l. A typical maximum for heavy
ions is shown in Fig. 1. It can be seen that for 20 MeV fluorine on argon

a maximum occurs in the capture cross section from the L shell of argon

(270 eV) to the n, = 2 shell (275 eV) of the fluorine ion. Finally, for high

1

n, states, n, is small enough to be neglected and the cross section then falls

as 1/n 3

1

The closed form of Eq. (6) was obtained by assuming that the target

as in the high velocity limit.

shells are completely filled, and therefore, it is understood that all tar-
get shells will be approximated as completely closed to avoid the cumbersome

expression that would result otherwiselz. In the cases examined in this
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work this is a good approximation for all but the outermost shells which are
relatively unimportant in the energy range of the experiments discussed. It
should be noted that the calculation gives the cross section in units of

cmzlatom and since some targets exist as molecules, such as H2 or M., Eq. (6)

29
has been multiplied by a factor of two, under the assumption that the atoms
of the molecules interact independently. This is a good assumption at pro-
jectile velocities higher than in molecular orbitals and because capture
cross sections are smaller than geometric areas of the atom. In terms of
absolute values it will be shown that Eq. (6) does not agree with experimental
values. However, when it is used to compare relative contributions of-the
capture cross section or when it is normalized to experimental values,
Eq. (6) can be very useful in determining trends in the electron capture
cros$ section.

It is knowns, that the Brinkman-Kramers approximation gives values that
are approximately three times toc-large for protons. Therefore, over the
energy range of .02-.5 MeV Nikolaev has made a fit of these calculated cross

sections to the experimental values for protons capturing electrons from a

number of targets to obtain the empirical fitting function:

R (t) = .3 ( (76/9)"8 + 7¢79)72, (11)
where!
t =_v/v0 »E (12)

b = 22/n of the specific shell of the electron

a captured from the target atom. (13)
Then, the total capture cross section is given by
I R (Kshell) o(n,1) + R_(L shell) o(n,2) +
(14)

RO(M shell) o(n,3) + . . . 3
This function, Ro(t)’ although fitted using cross sections for low

proton energies seems to have the correct form for higher velocity protons



10

as wellzz. However, it does not represent a universal function for all pro-
jectile-target systems, and one would expect a dependence of Ro(t) on Z1

and n, if one were to form a universal fitting function. For heavy projec-
tiles the calculated capture cross sections given by Eq. (6) become Increas-
ingly larger than the experimental values as the projectile nuclear charge
increases. This increase is not taken into account in the fitting function,
Ro(t), and therefore its inclusion, in Eq. (9) for the total capture cross
section is not strong enough to lower the calculated cross sections to the
experimental values.

Equation (6) is used in this paper to calculate partial and totallcap—
ture cross sections that are compared to the results of several different
experiments in which charge exchange is expected to be a dominant collision
process. To facilitate the computation of cross sections using this Brink-
man-Kramers formulation, the computer program listed in the appendix was
used to produce G(nl, n2) for all the target electrons captured to all shells.
No attempt is made to find a universal function to reduce the calculated
cross sections to give agreement with the absolute value of experimental
cross sections. Hence, only the trends of the capture cross section are

being examined in this work.
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ITI. ELECTRON CAPTURE EXPERIMENTS
A. Total Capture for Protons

The Brinkman-Kramers formulation has been used previously to compare
experimental total capture cross sections for protons in various gasses in
the energy range below 500 keV. The fitting function, Ro’ discussed previous-
ly, was determined to account for the overestimate inherent in Eq. (6).
Since the capture of more tightly bound electrons becomes increasingly more
important at higher velocities, an important comparison of the results of
Eq. (6) with proton electron capture cross sections at higher velocities can
be made.

In this type of experiment energetic protons are incident on a gas tar-
get and, with a small cross section, capture electrons into a particular
shell in large impact parameter collisions. Figure 2 shows a schematic of
the.experimental arrangement. The neutral hydrogen atoms are not deflected
by the magnetic field but the proton beam is deflected into the large, sur-
pressed Faraday cup in which the current is measured. The neutral atoms are
detected by a single particle surface barrier detector which allows individ-
ual atoms to be detected in the presence of a large proton current.

In this experiment the number of neutrals, No’ the pressure in the gas
cell and the number of protons are measured. The total number of particles,

N., in the beam is essentially the same as the number of protons and, there-

T’
fore, the expression for the cross section for the electron capture process

is given by:

d
o, = o, (15)
dm :

where'f0 is the fraction of neutral particles to the total number of particles,
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NOINP, and 7 is the target thickness which is related to the pressure by
T = ngi (16)
RT °
where No is Advogadro's number, 1 is the length of the gas cell, P is the
pressure in the gas cell, R is the gas constant, and T is the temperature
(See Fig. 3).

No information is obtained in this experiment regarding the shell from
which the electron came, nor the shell of the projectile into which it was
captured; it is only known that the electron was, in fact, captured from the
target. Hence, the relevant cross section for comparison with the theory is

the total capture cross section of Eq. (6) given by

z c(nl,nz) i

¥y sfly



FIGURE 3

Obtained from Experiment:
1) Number of neutrals, NB
2) Number of protons, Np

3) Pressure (thickness)

L

Make the best straight-line
fit of the charge fraction
f - NO/NP vs target thick-

|

ness, m
Using the two state solution
of the rate equation for the
charge fractions,

a{.

1 b3

ol — _U_ ._0.

dn j#i Ji‘fj ij fi
for thin target conditions gives,

%10 ="f;/“

L

Hence, the single capture
cross section is found from

010 = d')‘:)/dfr

Flow chart for the analysis of the single capture cross section for
10°

protons,

o

14
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B. Total Single Capture for Heavy Bare Projectiles

When protons are used as the projectile in atomic collisions, the frac-
tion of the incident beam that undergoes electron capture is small. On the
other hand, if heavy projectiles are used the capture cross sections are
several orders of magnitude higher at the same veloecity. Hence, the capture
process may make a significant contribution to the vacancy production19 of
the target atom in addition to the vacancies produced by the ionization pro-
cess%a To consider the validity of estimates of the importance of capture
events, it is of interest ﬁo compare the results of Eq. (6) with the gotal
single electron capture cross section obtainéd experimentally.

In these experiments heavy projectiles are incident on gas targets and
capture one or more electrons in a single collision. The experimental arrange-
ment that has been used for these experiments is shown in Fig. 4. After
traversing the gas cell, the beam- passes through a magnet which separates it
into its different charge states. A position sensitive detector is used to
detect the ions of all different charge states emerging from the gas cell,

A typical charge state spectrum of the data obtained in this type of ex-
periment is given in Fig. 5 for F+N215. It consists of several peaks which
represent the number, Ni’ of partiecles in each charge state after the beam has
passed through the gas cell, The charge fractions,'fi, can then be deter-
mined, where f} = Ni/ENj' From a measurement of the pressure dependence of

f; and a knowledge of the initial charge state of the projectile, a first

order approximation to the cross sections, 0, (from charge state ¢ to charge

ai
state 1) can be obtained by using the "growth of charge state method”,l7 (See

Fig. 6). By using all incident charge states, o, a complete first order set
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FIGURE 6

Obtained from Experiment:
1) A set of the number of
counts in each charge
state i, {Ni(energy,pressure)}

2) Pressure (thickness)

)

Form the charge fractions,
€, =N./T N,
i i'j ]

v

Use approximate solutions to the

rate equation

1) 1In _ra = -5

where ¢ is the index for inci-

dent charge,

o B
Su j#a Uaj
2) f, = 1 -F) o /8,
to produce a set of graphs of 1n '{
vs T and']oi vs (1 —'fa) i -

L

The slopes of these graphs, Sa
and {-Oui are then solved to
5

, T = target thickness

1l

] ;
obtain the first order set of cross

sections, {o .}
ad

2

These values are then improved

numerically through the rate equation,

af
i _ 3 _
ar T §#d Gji—rj 913 Ty

Flow chart for the analysis of the electron capture cross sections, o i
&1
(from charge state, a, to charge state, 1) in heavy projectile systems.
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of chargé exchange cross sections is obtained which can be used to integrate
the differential equations governing the growth and decay of each charge
state and, at each value of target thickness used in the experiment, the popu-
lations in each charge state can be calculated. These values are then com-
pared with the corresponding experimental data, the sum of the squares of the
deviations are determined and minimized using an iteration process to modify
the set of cross sections, Agreement is reached within the statistics of the
experiment after several iterations and the corrected set of cross sections,
with probable errors commensurate with the least squares sums, are calculated.
Again, no information about particular shells of the target or pfojec—
tile is obtained and, therefore, the relevant comparison with the theory is

for the total capture cross section,

I o(n,,n,) .
nl,n2 12
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C. Capture From a Particular Shell of the Target by Protons

As mentioned previously, the capture process may contribute signifi-
cantly to the target inner shell vacancy production cross section. For heavy
projectiles the capture cross sections may be comparable in magnitude to the
ionization cross section. Therefore, experiments, which give information
about the relative role of the capture process in inner shell vacancy produc-
tion, as well as a reasonable theoretical explanation are important, In view
of this, it is of interest to compare the relevant sum of the capture cross
sections given by Eq. (6) with experimental values of inner shell capture
cross sections by protons.

In this type of experiment a coincidence technique is used iIn order to
gain information about the cross section for the capture process from a par-
ticular shell of the target to protons, (See Fig. 7)18. If the proton cap-
tures an electron from the target in the collision it is subsequently detected
in a neutral particle detector. If the capture was from the K shell of the
target, then a K shell x-ray will occur for a certain fraction of the vacan-
cies produced and may be detected in a Si(Li) detector. The output of these
two detectors can be used as stop and start signals respectively for a time-
to-amplitude converter (TAC). The output of the TAC will represent delayed
coincidences between target K shell x ray emission and projectile electron
capture. The output of both detectors is monitored separately in addition to
the coincidences, so that the total capture cross section by the incident
proton beam is obtained. The emerging proton beam is deflected magnetically

into a Faraday cup for normalization purposes.
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The.particular system that has been investigated is the capture of K
shell electrons of Ar by protonslg. The experiment allowed the measurement of
the total number of neutral atoms, N, the total number of Ar K x-rays, X, the
number of real coincidences, C, the pressure, and the number of transmitted
protons.

The number C/K gives the ratio of coincidence counts divided by the num-

X ;
s Where o is the capture cross sec-
CK
VK
is the vacancy production cross section

ber of K shell x-rays and is equal to =
tion from the argon X shell and TyK
of the argon K shell. The ratio C/N gives the number of coincidence counts
observed divided by the total number of capture events. Since this involves

two different detectors, the efficiency Ex and fluorescence yield v, must be

taken into account to relate this to cross sections so that

cC _ (4]
qCE v cCK " (17)
CT
where o, is the total capture cross section from all shells of the target.

CT

Using this information, along with the previously measured valueslg for the

K shell vacancy production cross section, o the total capture cross sec-—

VK?
tions discussed previously in section IIA, as well as the cross sections for
capture from the K shell of Ar, were obtained (See Fig. 8).

The analysis of the experiment gives the cross section for the capture
of an electron from the K shell of the argon atom to any shell of the proton
and, therefore, the relevant values of the theory to compare to this experi-

ment are given by

b U(nl,nz) ;ny=1.
)
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FIGURE 8

Obtained from Experiment:
1) Number of neutrals, N
2) Number of Ar K x rays, X

3) Number of coincidences, C

|

Q
1

capture from the K shell

Q
I

total vacancy production in the K shell
.. - total capture

e_ = x-ray detector efficiency

w_ = fluorescence yield

L

it is then possible to

Hence, given OvR

obtain UCK and UCT.

Flow chart for the analysis of the total single capture cross section, GCT’

and the cross section for capture from the K shell of the target, 0ok
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D. Capture to a Particular Shell(s) of the Projectile

The theoretical values given by Eq. (6) for.the capture cross section are
for the capture of an electron from a particular shell, Ny, of the target, to
a particular shell, s of the projectile. For protons the capture to
excited states varies approximately as (1/n13); however, for heavy projectiles
this dependence does not hold. 1In order to test the calculated dependence of
capture to excited states of the projectile a comparison of the calculated:
values to values obtained in experiments involving projectile x-rays has been
performed.

In this type of experiment the projectile, rather than the target, is
observed, under single collision conditions with gas targets (See Fig. 9).

If the projectile is bare as it approaches the target atom and later emits an

X ray, then it must have captured an electron or electrons into a shell with
n122. Following cascading, X-ray emission from p states can be observed.

This radiation is assumed to be isotropic35 and x-ray production cross sections
are determined.

One system that has been examined is the reaction F+9+ﬁr studied by
Brownzo et al. In this experiment the number of F K shell x-rays were counted
and this yield is measured as a function of pressure for fixed energy. From
the measurement it was possible (See Fig. lO)-to arrive at the cross section

for K shell x ray production for the F ion using,

2
o Y cem
U™ K % atom ° (182

where Y is the x ray yield, P is the pressure, and the constant, K, involves
the number of incident particles, geometric factors, and detector efficiency.

The x-ray cross section corresponds to a fraction of the cross section for
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FIGURE 9

Gas Cell S

~
[ 1

F & —

v
[T

Schematic diagram of the apparatus for the determination of projectile
x-ray yields in gases. The lettered components are the ion beam (A),
striping foil (B), analysing magnet (C), preportional detector (D),
pumping outlets (E), Faraday cups (F), appatures (S).
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the capture of an electron to all exclted states of the projectile that decay
through p states.

As will be discussed in section IIID not all of the capture events lead-
ing to excited states of the fluorine ion will result in an observable K shell
x ray and, therefore, the relevant values to compare to this experiment from
Eq. (6) are given by some fraction of those capture events into ny = 2, plus

some other fraction of those captnre events into nl72.

1/a § °0my) L1/B ] oty
n.=2,n 59
l 2 nl ’nz

where 1/A and 1/B are the fractions of capture events which result in a F

K shell x ray.
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Obtained from Experiment:

1) Pressure , P

2) Number of counts in propor-
tional counter , Y

3) Number of ions in the beam

!

Make the best straight-line fit

of the pressure, P, vs x ray

yield, Y, and obtain the slope, %%
Use T = Y/nNith

where

n - target density, n=cP

Ni - number of incident particles
ﬂt - geometric factor

£ = detector efficiency

A

Obtain the cross section for x-ray

production as & AY 1
X AP ¢ N iﬂ te

Flow chart for the analysis of the cross section for x-ray

production, O
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ITI. COMPARISON OF CALCULATION TO EXPERIMENTAL RESULTS
A. Total Capture for Protons
In the past there have been a number of investigations of the electron
~ capture by proton beams of various energies on a variety of targetszg. The
experiments used for this comparison with the results of Eq. (6) are those of

Welsh et al.Zl for protons in H,, He, N2, and Ar. The experimental values

9
for the total capture cross sections were obtained as described in section IIA
and are shown in Fig. 11-15 along with the calculated cross sections given by
Eq. (6). 1In all cases the calculated values are larger than the experimental
values by approximately a factor of four. However, the calculated values do
give the correct energy dependence over the range indicated. It should be
pointed out that the experiment for hydrogen and nitrogen were performed

using the molecules H2 and N2 and, therefore, the calculated values of Eq. (6)
have been multiplied by 2 in order to take this into account assuming that the
atoms of the molecules interact independently.

The ratios obtained by comparing the calculated value to the experimental
value for the capture cross section can be used as a normalization factor for
other predictions that can be obtained from Eq. (6) for capture processes in-
volving protons. This will be discussed in section IIIC. Nikolaev has made
the comparison between experimental total capture cross sections and this

"universal" empirical fitting

Brinkman-Kramers formulation and he has found a
function that gives agreement to +20%. This fitting function is given by
Eq. (8), but has no dependence on projectile atomic number that would provide

a scaling to other hydrogen-like ions. Tor protons, the form of the fitting

function (Eq. (8)) extrapolated from the low energy range, in which the empi-
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Total single capture cross section versus proton energy for protons
on hydrogen. The experimental values from Ref. 21 are represented by

the X's, while the calculated values from Eq. (6) are given by the
solid line.
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“TOTAL SINGLE CAPTURE CROSS SECTION (10%° cm?)

FIGURE 12
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Total single capture cross section versus proton energy for protons
on helium, The experimental values from Ref. 21 are represented by

the X's, while the calculated values from Eq. (6) are given by the
solid line.
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Total single capture cross section versus proton energy for protons
on nitrogen. The experimental values from Ref. 21 are represented by

the X's, while the calculated values from Eq. (6) are given by the
. 80lid line.
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TOTAL SINGLE CAPTURE CROSS SECTION (I0%°cm?)

FIGURE 14
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Total single capture cross section versus proton energy for protons
on neon. The experimental values from Ref. 21 are represented by the
X's, while the calculated values from Eq. (6) are given by the solid
line. '
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calculated values from Eq. (6) are given by the solid line.
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rical fit was madelz, to the higher energy range of the experiments by Welsh
et al.21, results in cross sections which are within the 4207 agreement

claimed.
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B. Total Single Capture for Heavy Bare Projectiles
Experiments in which electron capture by bare heavy lons are measured

17,30

have been carried out in a number of investigations in the p%%ﬁ For the

comparison with the cross sections calculated in the Brinkman-Kramers formula-
tion, experimental results of Chiaol5 for F+9, C+6, N+? on Ar and Kr, and of
Macdonald and Martin for 0+ on Arl6 were used. The analysis of these charge
transfer reactions was performed as stated in section IIB to obtain the

single cépture cross sections. Although this analysis gives the experimental
cross sections for multiple capture in a single collision as well as single
capture, only the single capture cross sections are relevant to compare to the
calculated cross sections. These single capture cross sections have been
plotted as a function of the incident energy of the projectile, and from a
smooth curve drawn through these points, values for the cross sections have
been obtained for comparison with the calculated values cbtained by using

Eq. (6). Both sets of results are listed in Tables I and II for the various
reactions and a typical plot of these values is given for F+g on Ar in Fig. 16.
It is obvious from the figure that the calculation grossly overestimates the
cross section. To emphasize this overestimate, the ratios of the calculated
to the experimental capture cross section (tabulated in Tables I and II)} are
plotted in Figures 17 and 18 for targets of Ar and Kr and are seen to fall
with increasing incident energy for each projectile. This implies that the
calculation may be better at higher energies, although in all cases the cal-
culated value is approximately an order of magnitude too large even at the
highest energy used. These same ratios are plotted against projectile atomic

number, Z, in Figures 19 and 20. If we assume that the oxygen data is about

1
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TABLE I

F+9, 0+8’ N+7, C+6, 5 ki

18 16 Zeale.
Projectile Energy(MeV) Uexp.(lo ) Ucalc.(lo ) cexp.
10 1.51 62.51 41.39
o 15 .81 23.87 29.46
20 .53 11.97 22.58
25 .42 6.99 16. 64
10 .60 29.15 48.4
i 15 .32 11.25 35.2
20 .23 5.69 24.7
25 .18 - 3.30 18.4
10 .51 14.78 28.98
15 .34 5.80 17.05
20 .22 2.93 13.0
25 .14 1.66 11.71
10 .309 7.099 22,97
cte 15 ,212 2.739 12.91
20 . 147 1.332 9.061
25 .101 7254 7.182

Experimental and calculated electron capture cross sections. The experimen-
tal values of the cross section for single capture are from Ref. 15 and 16

and the calculated cross sections are from Eq. (6).



Projectile

+9

+8

+7

+6

TABLE 11
P, '8 w7, ' s ke
~-16
Energy (MeV) Uexp.(lg
10 “1.55
15 1.05
20 . 80
25 .64
10
15
20
25
10 .84
15 .53
20 .335
25 <215
10 .59
15 .38
20 245
25 .159

)

a
calc.

(10

126.20
51.80
26.64
15.54

60.70

24.34

12.38
7.194

30.46

12,22
6.135
3.556

14.40
5.68
2.787
1.546

Experimental and calculated electron capture cross sections.

-16) Uexp.

37

a
cale.

81.41
49.33
33.30
24,28

36.26
23.06
18.46
16.54

24,40
14,95
11.38

9.72

The experimen-

tal values of the cross section for single capture are from Ref. 15 and the

calculated cross sections are from Eq. (6).
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FIGURE 16
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Total single capture cross section versus projectile energy for fluorine
on argon. The experimental values from Ref. 15 are represented by the
X's, while the calculated values from Eq. (6) are given by the solid
line. The error bar represents the absolute error of the experiment.
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FIGURE 17
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Calculated-to-experimental single capture cross section ratios versus
projectile energy for Z,” 1 on argon. The experimental values are from
Ref. 15 and 16, while tﬂe calculated values are from Eq. (6). The
solid line 1s to guide the eye and the error bars reprsent the absolute
error in each of the experiments.
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Calculated-to-experimental single capture cross section ratios versus
projectile energy for zl+q on krypton. The experimental values are
from Ref. 15, while the calculated values are from Eq. (6). The solid
line is to guide the eye and the error bar represents the absolute
error in the experiment.
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307 too high due to some systematic error, then the iIncrease in the ratio of
calculated to experimental cross section with increasing Zl is indicative
that the Zl dependence in the calculation is too strong. The trends shown in
these figures should be taken into account in any attempt to produce a fit-
ting function for Eq. (6) as Nikolaev has done for protons.

As expected from the comparison of cross sections with protons the abso-
lute value of the calculated cross sections for these heavy ion capture
reactions are too large. Surprisingly,.however, the overestimate ranges from
6 to 80 times, monotonically decreasing with increasing projectile energy.
Because of the gross overestimate of the calculation investigation of other

trends require that a normalization be taken into account in order to inter-

pret the results. These trends will be discussed in section IIID.
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C. Capture From a Particular Sheli of the Target by Protons

As mentioned in section IIC an experiment has been done by Macdor;ald_l8
et al. to measure the cross section for capture specifically from the K shell
of argon by energetic protons. The results of this experiment are listed in
Table III along with the calculated values of Eq. (6). The calculated cross
sections for capture from the K shell are seen to be between 4 and 5 times
larger than the experimental values for the energy range of the experiment.
This. overestimate of the calculation is consistent with the results of section
IITA for the total capture cross sections by protons; These latter values can
be used as away to normalize the calculated cross sections for capture from
the K éhell, UCK(calc.). The values scaled to total cross sections given in
Table III are GCK(calc.) 3 (UCT(calc.)/ocT(exp.)) and are approximately a fac-
tor of two lower than the experimental values as is shown in a plot of the
data in Fig. 21. However, the trend of the cross section as a function of
energy is rather well represented by the normalized calculation.

One may also use Nikolaev's Ro(t) fitting function, Eq. (8), in order to

obtain calculated cross sections which give approximately the same results
for the scaled UCK(calc.). These results are also shown in Fig. 21 and the
similar agreement using the two normalization technique is perhaps surprising
since the Ro(t) fitting function was determined using data from much lower
energy proton beams which capture very much lower binding energy electrons
(ie. at 2MeV, K shell, L shell, M shell capture from argon ére respectively

0.1%Z, 90Z and 10% of the total capture cross section.
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FIGURE 21
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ARGON K SHELL CAPTURE CROSS SECTION (I0%°cm®)

PROTON ENERGY (MeV)

Argon K shell capture cross sections versus proton energy. The
various quantities shown are: e, the experimental values from Ref.
18; ——, the calculated values from Eq. (6); --——,the scaled calec-
ulated values from Table III; -e-e-s, and the calculated values using

Eq. (4).
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This comparison between the experimental and Brinkman-Kramers cross sec=~
pions for K shell capture from argon has shown that the calculated values
have the correct dependence on the proton energy. If the ratios of the cal-
culated total capture cross sections to the experimental total capture cross
sections are used to scale the calculated cross section for capture from a
specific shell, the absolute experimental values are underestimated by less

than a factor of two.
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D. Capture to a Particular Shell(s) of the Projectile

As discussed in section IID, an experiment that has been done that per-
mits a comparison with the calculated values of the cross section for capture
to particular projectile shells using Eq. (6) is for F+9 on Ar. In this ex-
periment the cross sections for K shell x ray production of the fluorine ion
were determined by observing K shell radiation in a proportional counter.
While it is true that any projectile radiation observed must be the conse-
quence of a capture process, there are some capture events which do not result
in a K shell x ray. For example, if the capture is to the ground staté of
the fluorine ion no radiation will result. Also, if the decay time for a
transition from an excited state formed following capture is longer than the
"2-5 nsec viewing time of the X ray detection system the radiation will not
be observed. For fluorine nuclei capturing electrons, the 2s state with a
lifetime of "23026nsec or states with “1311 will not decay within view of the
detector. The determination of the fraction of electrons captured into ex-
cited states which do result in a K shell x ray depends not only on an under-
standing of the branching ratios of the decay channels of the projectile, but
also on a knowledge of the population of the sublevels of each shell of the
projectile. Although a Brinkman-Kramers calculation could be formulated to
determine substate populations, the lack of experimental data for comparison
precluded the cumbersome calculation that would be required.

In order to make comparisons with experimental cross sections and theore-
tical capture cross sections, it is necessary to estimate what fraction of
the capture to excited states will result in x-ray transitions. TFor example,

the theoretical branching ratios for hydrogenic decay to the 2s state show
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that 12% of all decaying p states (with n,>2) decay to the 2s state, and

1

therefore only 887 of those electrons which are captured into n1>2 will result

in a fluorine K shell x ray. For nl=2 it has been assumed that the electrons

are captured with equal probability into each of the eight substates; two

2

5 substates, two 2P substates, and four 4P3/2 substates. As stated

1/2 1/2
previously, any electron in the 2s states will not produce observable radia-
tion and, therefore, only 757 of those electrons captured intc the nl=2 state
of the fluorine ion will result in a K shell x ray. In terms of Eq. (6) the
cross section for the production of fluorine K shell x rays is given by this
model as

) o(ny,n,) ) o(2,n,)

+ 75%
2 Bg

g = 88%

i (19)

nl>2,n

In this analysis no correction has been made to account for capture into

n,>11 since the cross section for these events is small compared to the cross

1
section for capture into all states. That is, the ratioc of

E 0(nl,n2)/E U(nl’n2) is ¥ 57 and, therefore, neglecting these events does
“lill n,,n,

N2

not introduce an appreciable error in the calculated values of the cross sec-
tiens.

In section ITIB it was seen that the caculated values for the total
single capture cross section were much larger than the experimental values
and the ratio of the calculated to experimental value was formed for different
energies. These ratios are now used as normalization factors to lower the
calculated values of Eq. (19), which consists of a sum of cross sections from

Eq. (6), for the cross section for K shell x-ray production of the fluorine
-1

ion. The normalized cross section is GXK(calc.) UCT(calc')

UCT(exp.)
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The.results for the normalized cross sections of Eq. (19) and the exper-
imental results for the K shell x-ray producﬁion is shown in Fig. 22 where
both the experimental and calculated values are plotted as a function of
projectile energy. The agreement of the normalized calculated cross sections
with the observed values is rather remarkable. In other words, the predic-
tions of the calculation (Eq. 19)), when normalized to the total single
capture cross sections, are in better agreement with the experimentally
measured x-ray production cross sections than might be anticipated from the

approximations made in the theoretical model.
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FIGURE 22
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SUMMARY
Calculated cross sections for electron capture have been obtained from
the modified Brinkman-Kramers calculation of Nikolaevl2 with the facilitation
of a computer program. These theoretical values have been compared to exper-

+ +
imental data for a variety of systems; p - Ar, N2’ Ne, He, H2 and F 9, 0 8,

N+7, C+6+Ar and Kr. For the cases with protons as projectiles, the calculated

* values are 3-5 times too large when compared to experiments of Welsh et 31.21,
but do have the correct energy dependence. For the heavy projectile cases,
the overestimates of the calculation increase dramatically to overestimate the
experimental cross sections by factors of 6-80 in the energy range studied.
Again, the calculated values give a reasonable energy dependence when compared
to the experimental values of Chiaols. However, it ﬁas found that the over-
estimation of the calculation increases with increasing projectile atomic
number and decreasing projectile energy. Any improvement in the theory of

the electron capture process must take into account these variations.

In order to compare the results of the calculation to other experimental
processes which are connected to electron capture events, the ratios of cal-.
culated-to-experimental total single capture cross section were used as nor-
malization factors. When normalized in this manner, it was found that the
calculated cross sections for capture from thé K shell of argon by protons
were within a factor of two of the experimental values given by Macdonald et
al.18 Lastly, the normalized calculated cross sections for x-ray emission
following electron capture in argon to excited states of fluorine projectiles

were compared to the experimental values of Brown et al.20 The results of

such a compariscn show good agreement between the experimental and theoretical
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values for the cross sections for K shell x-ray production from the fluorine
iomns.

It has been demonstrated that the elementary calculation of the electron
capture process using the Brinkman-Kramers approximation can be useful in
interpreting experimental data connected with capture events. The formula
used is derived for a one-electron transfer from closed shell targets to bare
projectiles and does not give information about substates in the system. How-
ever, the fact that it is in closed form makes it attractive as a tool in

analyzing trends in experimental data.



APPENDIX

54



ILLEGIBLE
DOCUMENT

THE FOLLOWING
DOCUMENT(S) IS OF
POOR LEGIBILITY IN

THE ORIGINAL

THIS IS THE BEST
COPY AVAILABLE



35

HRINKMAN=-KRAMERS CALCULATICN FCR CAPTHRE CROSS-SFCTION
FROM NIKCLACZY EQUATIUN # 6
K= NUMBER 0OF ELECTRCNS IN TARGET SHELL,y I= LEVEL OF EJFCTIND FL
NI1= LEVEL OF CAPTURFD “LFCTRON
N=kTa 4, F= RAT D] OF PROJ, VEL. TO TARGET FLECTRON VEL.
H= GaMYMa 4 wWiNML) = SIGMA TIMFES MY CUBED , X= LOG W(INI)
Al =PHI_4, I_=4 NF ELEC. IN _ SHELL DF TARGET.
DIMENSTTN BL3)422(3),S1GMA{100,100),W(100)
R=0.,0
[SHEL=2
[K=2
IL=8
[41=0
L=12
M=1
30 FOPMAT (3F64246FT .24 2F6.2)
50 FORMAT{IHL,"ENERGY =',F6.2,"MEVT,10X,'2 CF PRNDJ, =',F6,.2,
ClOX, '™ OF TARGFET =V ,5C.24'AMUY,10X,' MASS CF PRDJ. :‘,Fb.2,')
60 FORAAT{LIHO 43X 41125 (N2} " 46X "N2V L 10X, "SIGHATY, TX s " WINTLY?Y,
COX g TXY 38X "BIN2) Y yOX 3 'NTY 14X, "EFETA 36X, YGAMMAY 10X, 10 1)
TO0 FORMAT(LIHD 42X 4F6 236X e 134 6X41PEIN.3,3%X,1PF10.343%X31PF10.3,3X%,
ClPFE10e3+43XsI3,8Xy1PELCL343Xs1PELINL3,3%X,1PF10.3) '
80 FORMAT(1IHO,3X,'SIGMA FRUM ALL SHFELLS TO SHELL #',13
Ce3X,'CF PROJ. =',1PF10.3) ’
90 FORMAT({1IHO,3X,'SIGHMA TOTAL ALL TO ALL =',1PF1N.3)
100 FORMAT(1HO 43X 'STGMA FRCM SHELL #',13,
C3X,'TO ALL SHFELLS PROJ, =',1PEL10.3)
110 FORMAT(LHO,3X ,*SIGMA FROM SHELL #',13,
CA3XHW'TO EXCITED SHELLS CNLY =?',1PF10.3)
120 FORMAT(LHD 43X ,'SIGMA FROM ALL TN EXCITED STATES ONLY =',1PF10,3)
121 FORMAT(IHOL*THE RATIO COF K-CAPTURE',1PE1OQ.3, ' TO THE TQOTAL
CCAPTUREYZ1PE10,3,% [ISY,1PF10.3,' PERCENT®)
125 FORMAT (1HO, YENERGY ="', F6.2,"MEV!',10X,'7 OF PROJ. =1',Fb6.2,
ClOX,'™ CF TARGET =',F6.24"AMUY,10X, " MASS OF PROJ. =',F6.2J
10 K=1K
[=1
READ(54y30) T2 ZleZ2T4RU1) 4B(2)4R03)422{1}1422(2}422(3),4MAS1
WRITF(6450) E4Z21422T,AMAS]
WRITE(AH 4,601}
11 A=(R{T)/13.6)=**,5
RB={E/(AMAS L% .024975)})%%,5
C=12111}1/1
D=((C/a)*¥x2})-1.0
CONST=1.12E-16
F=RA/A :
NO L7 N1=1,10
12 G=21/[N1=*A)
Heq O (Fol (=2 ) ( 102,00 (L O#GHR2 )0k =2) )+ (L 0-(Gx%E2]))
Cox (2 )% (Fhk(=4)) ) ex(=1)
AK={1.0+M) k%28
AL=1,0/(1.040%H)*%3
IF(DEH=-1)13,13,14
13 Al=(1=-.25%D%H)
G0N TO 15
14 Al=L.C/(1.0+D%H)}%%46
15 P=AK*ALKRA]
STOMA(NL T =(COUNSTRRKA(H%Z] )®k5 %P )/ (AnkhaN] Xk (F/AMAS]L))
WINL)= SIGMA(NT, T )xNEx»=x3
X=ALCGlW{NL))
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32
33

31
34
15
.81

B2
83
19

20

44

54

64

65

22

21

WRTTE (A, TO) L2201 )y Ly STOMALNT L) yWINL) o XyBU1) yNLyDyH,R

CONT INUE

IF (I-1) 31,32,31

[F {T-1ISHEL} 33,20,33
K=IL

Gl 1A 19

[F{1=-2) Bly34,7°1
IF (I-ISHEL] 35,20,35
K=1M

Gn TN 19

IF{(1-3) 20,82,20
IF{I-ISHEL) B3,20,83
K=IN

I=l+1}

N1=1

GO 7O 11

SUM=0.0

DO 54 MN1=1,10
FATP=0.0

DO 44 I=1,ISHEL
FATP=FATP+SIGMA(NL,1)
CONTINUE

WRITEL6,80) N1,FATP
SUM=SUM+FATP

CONTINUFE

WRITE(6,901) SUM
TOM=0.0

DO 74 I=1, ISHEL
FPTA=0,0

NaQ 64 N1=1,10
FPTA=FPTA+SIGHMA(NL,T)
CONTINUE

WRITEL(6,1072) T1,FPTA
FPTE=FPTA-SIGMA(1,1)
WRITE(6,11010) 1,FPTE
TOM=TOM+FPTE

CONTINUE

WRITEL6,120) TCM
FKTA=0,0

DD 65 N1=1,10
FKTA=FKTA+SIGMA(NL,]1)
CONTINUF
RKTT=(FKTA/SUM)*100.0
WRITE{6,121) FKTALSUVM,RKTT
WRITEL{6,125) E4Z214227TyAMAS]
IFIL-M) 21,21,22
M=M+]

GO TN 10

CONTINUE

RETURN

END

56
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Recent preliminary result534 indicate that the fluorine K shell radiation
following electron capture by 33MeV F+9 ions is somewhat anisotropic.

If such anisotropy exists for the other experiments described in this
work, the reported cross sections will be systematically high. However,
the interpretation of the data are not expected to change since the cor-
rection of a few percent needed would be within any uncertainty inherent

in the calculation.
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ABSTRACT

In this thesis single electron capture cross sections.for the systems
p > Ar, Ne, N2’ He, H2 and F+g, 0+8, N+?, C+6 -+ Ar and Kr have been obtained
in a Brinkman-Kramers type formulation as given by Nikolaevl. These calcu-
lated values have been compared to experimental data for total single cap-
ture cross sections as well as x-ray production cross sections representing
capture from particular shells of the target or to excited states of the .
projectile. It is found that the overestimate of the calculated cross
section magnitude increases with increasing projectile atomic number and
with decreasing projectile velocity. However, when the calculated values
for each system are normalized to experimental total single capture cross
sections then the Brinkman-Kramers theory does give values for the cross

sections from particular shells and to excited states which are in good agree-

ment with experiment.

1) V. S. Nikolaev, Soviet Phys. JETP 24, 847 (1967).



