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Ionization of one-electron ions and capture by bare and one-electron ions
of C, N, 0, and F on He
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Experimentally measured single-electron-transfer cross sections are presented for bare nuclei and one-electron ions
of C, N, 0, and F following collisions with a He-gas target in the energy range from -0.5-2.5 MeU/amu. Excellent
agreement is found between the K-shell ionization cross sections (electron loss by one-electron ions) and a theoretical
plane-eave-Born-approximation calculation without inclusion of Coulomb-deflection and binding-energy
corrections. Comparisons are also made between the capture cross sections (electron gain) and previously measured
total projectile x-ray cross sections. The ratio of the x-ray cross section to the total capture cross section is compared
to the same ratio found through a Brinkman-Kramers (BK) calculation. The results of the 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 section, is inadequate. In particular, the results show that the BK calculation underestimates the capture of the
electron to the 1s and 2s states as compared to the higher, x-ray-emitting states. The total capture cross sections are
also given as a function of E/M (MeV/amu). For a given velocity the capture is dependent only upon the charge
state of the incident ion. Also, the similar velocity dependence with average ratios of 1:0.48:0.44 for the charge-
changing processes q~ —1 (q = 8, 7, and 6) correspond to a q' dependence for the total cross section.

I. INTRODUCTION

The processes that can occur in an ion-atom
collision define a subject which has aroused a
great deal of interest over the past years. ' Re-
newed interest in understanding these processes
stems from their applications to such 'diverse
fields of study as fusion technology' and x-ray
astronomy. In addition, the subject is of consid-
erable theoretical interest. ' 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 various approximations to collision
theory.

There are many commonly identified processes
that can take place with various degrees of prob-
ability when an incoming projectile interacts in-
elastically with a target atom. Some of these in-
clude the capture of one or more electrons from
the target by the projectile, ionization of the pro-
jectile electrons (electron loss), ionization of the
target electrons, and excitation of either or both
the projectile and target atoms. Often, the reac-
tants are left in excited states following the col-
lision and photons or electrons may be emitted,
either independent of the collision or perturbed by
it, and observation of these has led to much of our
knowledge of the collision mechanisms. ' Although
all the processes are of current interest, this
paper will be limited to the study of the single-
eleetron processes in which one electron is cap-.
tured by a bare or one-electron projectile ion or
lost by an initial ground-state one-electron pro-
jectile ion interacting with helium target atoms.
The experimental techniques used are similar to

those used in previous studies'" of charge ex-
change by the "initial growth method, "performed
for various ions over a range of energies. Review
of earlier work has been given by Allison and
Garcia-Munoz, ' Nikolaev, ' Betz, ' and Tawara and
Russek. "Other than for low-g projectiles (H and He)
there has been no concerted effort to study these
processes for the mell-defined initial states of a
one-electron ion for which theoretical calculations
are presumably possible.

One of the prime purposes of the present work
is to use projectile charge-change measurements
to determine K-shell ionization cross sections
which have previously been determined from other
types of experiments, "for example, x-ray or
Auger electron measurements. 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 hydrogenlike pro-
jectile ions in collision with simple atoms, i.e.,
He. The understanding of the process of ionization
of neutral atoms by collision with a charged par-
ticl, e is complicated by the presence of other
electrons on the atoms. " For the one-electron
ions used in this experiment, the wave functions
are purely hydrogenic (unscreened) and no screen-
ing parametrization 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 recent work by Tawara
et aE."the charge state dependences of single K-
shell electron excitation and single K-shell ion-
ization of the projectile were studied for F"+He
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collisions by high-resolution x-ray spectroscopy.
It was shown that the excitation cross section in-
creased and the ionization cross section decreased
with increasing charge state of the projectile.
This method can be used to study excitation of
one-electron projectiles but cannot be used to
study ionization of one-electron projectiles since
there is no x-ray emission. In this work, ioniza-
tion of the one-electron projectile ion is studied.
The comparison with other work is straightfor-
ward since it is the relative veloci. ty between the
projectile and target which defines the collision,
and not which atom is the projectile. However,
me must examine the role of target electrons which
are present on the neutral target atom. The pre-
sent 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 ve-
locity as an important parameter.

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

H. EXPERIMENTAL

To perform this experiment, ions of carbon,
nitrogen, oxygen, and fluorine were extracted
from the Kansas State University tandem Van de
Graaff accelerator. The ions were momentum
analyzed by a 90 analyzing magnet and passed
through a thin carbon foil (5-20 pg/cm') to pro-
duce a distribution of charge states. The charge
state of interest was then selected by a switching
magnet which directed the beam down the beam
line to the target chamber. This technique pro-
vided ions of a range of charge states a,t the same
beam energy. The target chamber consisted of a
differentially pumped gas cell defined by four opt-
ically aligned circular apertures. The overall
length of the gas cell was 19.61 cm. The pumping
of the cell mas accomplished by means of a 4-inch
oil diffusion pump connected directly in front of
and behind the gas cell. Tmo other diffusion pumps
mere also utilized to maintain a residual gas pres-
sure of 10 'to 10 ' Torr in the beam line. Main-
taining a constant pressure within the target cham-
ber was accomplished by means of a Granville-
Phillips automatic pressure controller. The pres-
sure mas monitored by an MKS baratron capaci-
tance manometer which sent a signal to the pres-
sure controller (to open or close a servo-driven

leak valve to the chamber) whenever the pressure
deviated from a preset valve. To prevent con-
taminants in the He gas handling system from en-
tering the target chamber, a liquid nitrogen trap
mas placed in the gas line to extract any conden-
sable vapor contaminants within the system.

As the beam passes through the gas cell, a frac-
tion of the incident particles undergo charge ex-
change with the target gas. At approximately 80
cm behind the target cel), an electromagnet was
set up to spatially separate the various charge
states of the emerging beam. After separating
the charge states, a position-sensitive surface
barrier detector mas used to detect the ions of the
emerging beam. The detector, supplied by Nuc-
lear Diodes, was a silicon surface barrier detec-
tor capable of providing information about both
the energy and position of the incident ion, simul-
taneously. Vfhen an ion enters the detector, two
signals are produced. The first is the collection
of all the negative charge to a lom-resistance gold
layer on the front of the detector and gives a sig-
nal proportional to the total energy of the incident
particle. The second is from the collection of a
portion of the positive charge collected on a resis-
tive 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 at which the ion impacted. Since the vari-
ous charge states are spatially separated by the
electromagnet, the position-sensitive detector
mas used to determine the relative number of ions
in a given state of the emerging beam. Back-
ground particles, which have different energy but
the same magnetic rigidity as the particles of in-
terest, are prevented from being counted in the
spectra by gating the position signal with the en-
ergy signal.

To perform this experiment, the counting rate
of the detector was kept below 1000 cts/sec to
prevent electronic pileup in the system and also
to ensure a reasonable lifetime of the detector.
Usually 10' ions mere counted for each gas pres-
sure and incident particle energy. For each en-
ergy, data for at least four different gas pressures
were taken. The pressures within the target cell
mere chosen judiciously to ensure that the correc-
tions to the first-order approximation in the an-
alysis of the cross sections, and hence, the mul-
tiple processes, were in all cases small. Gen-
erally, the incident charge state was greater than
95% after undergoing charge exchange. The spec-
tra were analyzed by integrating the number of
counts in each peak and calculating the fraction
of ions emerging in each charge state at the pres-
sure of the run. The relative charge fractions
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were then plotted as a function of target pressure.
An example of the pressure dependence o'f the
relative charge fractions is shown in Fig. 1 for
16-MeV 0"on He. The single-electron-capture
and electron-loss cross sections were then ex-
tracted by the method described in the next section.

III. ANALYSIS

In general, the change in charge state of a beam
of ions as it passes through a target is given by
the set of differential equations '

the time of flight is much longer than the lifetimes
of the excited states. Exceptions to this are the
hei. iumlike 1s2s 'S, and the hydrogenlike 2s states.

As a first approximation to the solution of Eq.
(1), one neglects terms other than first order in
target thickness x and the solution becomes

Q q
= P ((0) + Q c~gx,

with the initial conditions p (0) = 1, where a is
the incident charge state, and p,~ &(1. Ignoring
multiple processes, the single-electron-transfer
cross section can be written as

IO —— =

l6MeV 07~ He

&f&, (x(o ')

where p, is the fraction of ions in charge state f,
x is the target thickness in atoms/cm', and o,&

is the cross section for an ion changing from a
charge state ~ to a state j after undergoing a col-
lision with a target atom. Total charge-transfer
cross sections are summations over cross sec-
tions for formation of well-defined atomic states
and, in general, depend upon many factors includ-
ing the possible distribution of final states of both
projectile and target. In this work, however, at-
tempts 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 incident
ions, and the state of excitation of the incoming
beam. Dependence upon the latter was removed
by choosing a long flight path of the incident beam
before it reaches the target chamber, such that

(3)

Thus the slope of the charge fraction Q, versus
the target thickness gives a first-order approxi-
mation to the single-electron-capture and -loss
cross sections. To evaluate the contribution of
second-order terms to the cross section, we con-
sider only a three-state system nij. For a helium
target this is sufficient since double-electron-

. transfer cross sections are small. The second-
order solution can be found from the equation dQ, /
dx = o P —c, P, by using the first-order solu-
tions Q, = o,p and Q = 1 —(o, +c &)x. The second-
order solution is then given by

(4)

Kith the further approximation that v& =o &, and
using the first-order solutions for the cross sec-
tions, the expression, in terms of experimental
quantities, becomes

dQ,
dx

dx dx

$, (x (0 *)
In general, the second-order corrections were
small, usually less than 3%, although in a few
instances, the corrections reached 13%%u~.

The target thickness, x in atoms/cm', was re-
lated to the target cell pressure by means of the
ideal-gas law. The first-order single-charge-
transfer cross sections are then given by

5 tO I 5 20

PRESSURE (y.m Hg)

FIG. 1. The various charge fractions fII) &
as a function

of the target cell pressure in micrometers, for 16-MeV
O~' He. The solid lines are drwvn to guide the eye.

(6)

where K=RT/N, I is a constant, and R =8.313 J/
molK (universal gas constant}, T is the tempera-
ture in K, N, = 6.033 x 10"atoms/mol, and I is the
target cell length in cm. The value of K can be
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found by precisely measuring (including cell end
effects) the target length l. The absolute scale
calibration, determined in this way, was also
checked by a normalization process. To obtain
the experimental cross sections, the values of
dP, /dP(p) were determined for each charge frac-
tion from the best straight-line fit to the experi-
mental data points by a least-squares method.
The slope of this line, along with the constant K,
were used to find the single-charge-transfer cross
sections to first order. This value was then im-
proved by incorporating the second-order correc-
tion term given previously. This procedure was
performed for each ion to obtain the single-charge-
transfer cross sections over the energy range of
interest.

The constant K was found by carefully evaluating
the target cell length including cell end effects.
The value of K measured in this fashion was found
to be X= (1.55+0.09) x 10 "cm~ pm/atom. This
value was checked by comparison with. other ex-
perimental measurements, "' which together give
the charge-transfer cross sections for C, N, 0,
and F in argon gas. With the experimental setup
and procedure used in this work, the experiments
in argon were redone to obtain values for the
change in the charge fraction versus pressure,
dP, /dP(p). The normalization constant was then
obtained by using the cross sections from the pre-
vious measurements in argon. This was done
using different ions over a range of energies and
the results were compared to those found through
geometric considerations. The results of this
comparison agree to within ~.

An approximate normalization to experimental
results is available for the electron-capture
cross sections using the total x-ray cross sec-
tions for fluorine on helium by Guffey. " The x-
ray cross sections provide a lower limit to the
total electron-capture cross sections, and were
used to determine a lower limit to the normaliza-

tion constant. The value of the constant obtained
was approximately 80% of that found geometric-
ally. One would expect this difference since a K
x ray is emitted when the electron is captured to
a state other than the 1s and 2s states and then
only with a branching ratio that is approximately
88%." Hence, the total x-ray cross section is
less than the total capture cross section and the
results of this comparison confirm the 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 through geometric considerations
[K= (1.55 a 0.09) x 10 "cm' p m/atom]. The other
methods used, namely, ' comparisons with previ-
ous measurements in argon and x-ray measure-
ments, confirm the choice of this constant to
within the experimental error.

IV. RESULTS AND DISCUSSION

A. Experimental cross sections

Single-electron-capture and electron-loss cross
sections were measured as a function of energy for
bare nuclei and one-electron ions of carbon, nitro-
gen, oxygen, and fluorine incident on helium gas. The
cross sections were extracted by the "initial
growth method" and the results of these measure-
ments and their uncertainties are given in Tables
I-IV. The results can also be seen in graphical
form in Fig. 2 where the cross sections are plot-
ted as a function of incident ion energy. The solid
lines in the figure 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
K-shell ionization cross sections exhibit a very
broad maximum over the energy range of this
work, that is, near the peak of the cross section.

TABLE I. C" He; cross sections 0+ in cm /atom with relative uncertainties.

Energy (MeV) 06s

6.03
8.33

10.5
12.0
13.58
16.0
18.5
18.75
20.5
22.5
24.12
25.5

(2.49+ 0.15) xlQ '

(7.78 + 0.65) x10-is
(2 87+0 14) x10-is
(1.77~ Q.17) xlQ '

(8.13~0.46) x10 '
(5.72+ 0.39) x10 ie

(2.87+0.18) x10 i9

(2.81 + 0.27) x10 is

(2.08+0.15) x10 '

(1.28+0.13) x10 '
(1.08~0.09) x10 '9

(8.39 y Q.75) x1Q-

(1.36+0.07}x10
(4.01+0.28) x10-is
(1 42 ~ 0 07) x10-is
(8.68+0.37) x10 '9

(3.61 + 0.22) x10-
(2.62 ~ 0.18) x10-'9
(1.41~0.09) x10 is

(1.34 + 0.09) x10
(9.12 + 0.54) x10
(6.43+ 0.50) x10
(4.61 ~0.46) x10 2

(3.36+ 0.46) x10

(5.07 + 0.52) x10
(6.60 + 0.67) x10-'9
(6.10 +0.32) x10
(7.23 + 0.4&) x10 '
(8.23 + 0.44) x10-
(7.78+0.35) x10 is

(6.71 ~ 0.24) x10
(6.83+0.35) x10 i9

(6.52 + 0.22) x10
(6.24 + 0.22) x 10
(6.49 a 0.33) x10
(6.00+0.18) x10 is
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TABLE G. N
' He; cross sections 0&& in cm /atom with relative uncertainties.

Energy (MeV)

5.17
7.14

11.64
14.0
16.1
20.69
25.1

(8.22 z 0.95) x10
(3.74+0.21) x10 iv

(5.20 ~ 0.29) x10-is
(2.54~ 0.10) x10-is
(1.44+ 0.07) x10-is
(5.53+ 0.31) x10
(2.54+0.18) x10 ie

(5.21+0.34) x10 '~

(2.20+0.08) x10 "
(3.41 +0.12) xlG-

{7.67 +0.33) x10
(2.84+0.20) x10 '9

(1.45 ~0.08) x10

(2.16+.0.40) x10-
(3.71+0.32) x10

(4.03+0.29) xl0 is

(3.92 a 0.28) x10
(4.06+0.19) x10 is

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 available 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 veloc&ty of the electron that is to
be ionized are approximately equal.

B. Comparison with PV(BA for ionization

Ionization cross sections have been computed
utilizing the plane-wave Born approximation"
(PWBA) 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 Z', /Z'„where Z, and Z, are the atomic num-
bers of the projectile and target atoms, respect-
ively. . The results of this calculation are compared
to the experimentally determined cross sections
for ionization in Fig. 3, where the curves repre-
sent the PWBA calculation for the various ions.
As can be seen from the figure, the agreement be-
tween the experimental results and the PWBA cal-
culation is excellent, within the limits of the ex-
perimental error. The close agreement between
the two indicates that the PWBA calculation ac-
curately describes the simple systems chosen for
this experiment without the use of correction terms
used in other studies. " Also, the comparison
shows that the cross sections do indeed scale by

the factor Z', /Z'„and the absolute magnitude of
the curves for the various values of Z, are cor-
rect.

Other studies in the literature'"" utilize the
PWBA in the range where Z, /Z, &1. In these
works, a screening parameter 8~ is used to ac-
count for the departure from hydrogenlike wave
functions. In this paper, screening parameters
are not needed for the projectile since the incident
ions are in pure hydrogenlike states. 8~, in this
case, equal. s one. Also included inthese works are
Coulomb-deflection, binding-energy, and polar-
ization corrections (PWBABCP). These correc-
tions, incorporated in an approximate manner, ac-
count for the deflection of the projectile by the target
nucleus, and the perturbation, by the projectile, of
the atomic states of the target atom. The contri-
bution to the PWBA ionization cross sections by
these correction terms, are shown in Fig. 4 for
F"on helium. 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 low-
ers the cross section by about 40%, while at high
energies, the cross section is lowered by approx-
imately 10%. Thus, with the inclusion in the
PWBA of the Coulomb-deflection and binding-en-
ergy corrections alone (PWBABC), the theoretical
curves fall below the experimental data. If one also
includes the polarization correction term in the
PWBA, the theoretical curves are raised and once
again fall within the experimental limits of the
data. However, the present work shows that these
corrections are not necessary in order to obtain

TABLE III. 0" He; cross sections 0+ in cm2/atom with relative uncertainties.

Energy (MeV) 07s

9
16
20
25
30
36
40

(3.51 + 0.26) x10-iv
(4.33+ 0.14) x10-is
(1.63a 0.10) x10-is
(6.37 + 0.17) xl0
(2.89 + 0.15) x10
(1.28 ~ 0.10) x10
(8.56 + 1.02) x10

(2.40 + 0.12) x10
(2.48+0.07) x10 is

(9.43+0.03) x10 '

(3.82+0.24) x10 "
(1.59 + 0.07) x10
(7.57+ 0.46) x10-
{5.01+0.27) x10 20

(1.25 +0.13) xl0
{1.90 + 0.19) x10
(2.36+ 0.21) x10
(2.48+ 0.17) x10
(2.07 + 0.18) x10
(2.62+0.11)x10 is

(2.49+ 0.08) x10
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TABLE IV. F' He; cross sections cr&& in cm~/atom with relative uncertainties.

Energy (MeV)

10.7
13
16
19
22
25
27
29.7
32
35
41
47

09s

(4.40+Or19) X10 iZ

(2.24+ 0.09) x10
9 39~ 0 34) x10-is

(5.26~ 0.23) x10-is
(2.75+ 0.13) x10-ss
(1.75 ~ 0.06) x10-is
(1.20 a 0.05) x10
(8.99a 0.56) x10
(5.61 ~ 0.31)x10
(3.50+0.31) x10 ie

(2.24+ 0.19) x10
(1.40~0.06) xlO ~9

0sz

(3.48+0.11) xl0 'z

(1.74 a 0.06) xlO
(7 73~0 36) x10-~s

(3.72 + 0.14) x10-is
(1.98 + 0.22) x10

22~0 03) x10-is
(8.23+ 0.25) xlO
(5.84 + 0.31) x10
(4.04+0.09) x10 ~9

(1.32 + 0.08) x10
(8.28+ 0.59) x10

ass

(6.14~1.13) x10
(5.90 +1.08) x10
(1.23 +Orl9) X10
(1.07 ~ 0.13) x10
(1.13~0.26) x10 '
(1.08+0.10) x10 i9

(1.55~0.16) x10 ie

(1.58 + 0.10) x10
(1.45 w 0.06) x10
(1.53~0.37) x10 '
(1.55 +0.21) x10 ~9

(1.70 a 0.02) xl0

I I I I r ~ I I I I

IO l7 r ~
7

6

IOI8

E.
O

E

IO'
~ r

X
O

C3

CO
IO~' =

M
O
K
C3

10l8

r ~
r ~
r ~

~ ~

r ~

\ ~
r ~

IO I9
r

r p

I I I I I

5 IO 15 20 25
I I I I

IO 20 30 40 50
PROJECTILE ENERGY {Me+

FIG. 2. Single-charge-transfer cross sections for the bare nuclei and one-electron ions of C, N, 0, and F incident
on He gas. The cross sections are given in units of cm /atom, as a function of projectile energy. The solid curves
are drawn to guide the eye.
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that these curves tend to diverge in the low-energy
region. Thus measurements of the cross sections
at lower energies for the one-electron ions would

provide a good test for the corrections to the
PWBA, but this remains a subject for further in-
vestigation.

C. Comparison with x-ray cross sections
for electron capture

jo

07'
4

FQ+

jo 0
I t l ) I i I

IO 20 30 40 so

Projectile Energy (MeV)

FIG. 3. Ionization cross sections for the one-electron
iona of C, N, 0, and F incident on He gas. The solid
curves represent a theoretical PWBA calculation.

agreement between theory and experiment. The
PWBA calculation, in which no correction terms
are included, gives good agreement with experi-
mental results. It should be noted, however, that

the ionization process studied in this work is near
the peak of the cross section where the PWBA and

PWBABCP results are similar. Figure 4 shows

I
)
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)
& ')
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lonizotion

00~
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,j099

PWBA
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I, I
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Projectile Energy (MeV)

FIG. 4. Theoretical. PWBA curves with Coulomb-de-
flection, binding-energy, and polarization corrections
are shown for F '-He. The cross sections are given
over an extended energy range with the present range
indicated by an arrow.

Following electron capture, x-ray production
may result by a deexcitation process, if the cap-
ture was to an excited state of the atom. Figure
5 shows a comparison between the x-ray cross
sections of Guffey, "and the capture cross sections
of this work. The data are for the bare projectiles
on helium and are given as a function of projec-
tile energy. In general, at low energies the x-ray
cross sections are approximately V0% of the cap-
ture cross sections. However, one sees that the
x-ray cross sections fall more rapidly with en-
ergy than do the capture cross sections.

The x-ray and capture cross sections were also
compared through the use of the function g(Z„E}
from Guffey, "where

+[1—0.12B(Z,)] Q "'
~

. (7}
8 3 g &rC ) &Z,se )

The function essentially represents the fraction
of capture events that gives rise to K x-rays and

can be calculated if the capture cross section is
known. The factor 0.12B(Z,) represents the
branching ratios for the states produced in cap-
ture to the Z, nucleus such that a E x ray occurs
in the decay process. Guffey evaluated the cap-
ture cross sections, o„, through a Brinkman-Kra-
mers (BK) formulation and related the results to
the x-ray cross sections by means of

(Zo„E)=Kg(Z„E)ore(Z„E), (&)

where N is an overall normalization constant. The
normalization constant was included since it is
well known that the BK approximation leads to a
large overestimation of the cross section. More
recent theoretical work for other systems" have
improved on the Oppenheimer-Brinkman-Kramers
(OBK) approximation in giving the absolute cross
section, but for capture of loosely bound electrons,
such calculations have not been published. From
the total capture cross sections found in this work,
and the x-ray cross sections of Guffey, the value
of g(Z„E) was calculated and compared to the
value found through the BK formulation. This com-
parison is shown in Fig. 6. It is clear from the
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figure that the ratio of x-ray to capture cross sections
obtained through a BK calculation does 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 section,
is inadequate. In particular, the present results
show that the BK calculation underestimates the
capture of the electron to the 1s and 2s states as
compared to the higher, x-ray-emitting states.

Comparisons can also be made between the x-
ray and capture cross sections for the one-elec-
tron projectiles incident on helium gas. This com-
parison is shown in Fig. 7. In this figure, there
is an added feature in that the two curves cross
over. This feature can be understood 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 maxi-
mum which occurs when the velocity of the pro-
jectile and the mean velocity of the K-shell elec-
tron are approximately equal. Hence, the single-
electron-capture and total x-ray curves cross
over for the one-electron projectiles.

D. q dependence for electron capture

The total capture cross sections are also plotted
in Fig. 8 as a function of E/M (MeV/amu). It is
evident that the data fall on three curves which
can be associated with the charge-changing pro-
cesses q-q —1 for q=8, 7, and 6. Thus, for a-
given velocity the capture depends only on the
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charge state of the ion. For example, F" and 0"
have the same capture cross section at the same
E/M value. In addition, the three curves have
similar velocity dependences with average ratios
of 1:0.68:0.44 for the 8-7, 7-6, and 6-5 cross
sections, respectively. These ratios are con-
sistent with a q' dependence of the total cross
section. " The q dependence predicts ratios of
1:0.67:0.42 for the 8-7:7-6:6-5 cross sections.

The data presented here are also in good agree-
ment with the "simple theoretical estimates" of
Knudsen et al. '2 for the capture cross section
based on the model of Bohr and Lindhard. " Knud-
sen et al. present the capture cross section in
terms of a universal curve which has a different
character in energy regions referred to as low,

medium and high energy. The present data fall
in the high-energy region where the capture cross
section follows a q' dependence similar to that pre-
sented in the previous paragraph, but is plotted
on their universal curve as o,/q vs &/q'~'.

V. SUMMARY

Single-electron-capture and electron-loss cross
sections have been experimentally measured for bare
nuclei and one-electron ions of carbon, nitrogen, ox-
ygen, 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
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growth method. In general, single-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 ion-
ization cross sections for the various ions and a
theoretical PWBA calculation. The PWBA cal-
culation utilizes the results of protons on hydro-
gen scaled by the factor Z,'/Z,'. For the hydrogen-
like ions used, the agreement between the experi-
mental 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-energy 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
not necessary in order to obtain agreement be-
tween experiment and theory since the PWBA cal-
culation, without the inclusion of any correction
terms, gives good agreement.

Single-electron-capture cross sections were
compared to total x-ray cross sections. The re-
sults of this comparison confirm 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.
The agreement between experiment and the BK
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calculation is poor. This shows 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 elec-
tron to the is and 2s states is underestimated, as
compared to the higher x-ray-emitting states, in

the BK calculation. The total capture cross sec-
tions were also plotted as a function of E/M (MeV/
amu). The results show that the capture is depen-
dent only upon the velocity and the charge state of
the incident ion. Also, the similar velocity depen-

dence for the charge-changing process q-q —1
(q= 8, 7, and 6) correspondstoaq'dependence for
the total cross section.
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