
PHYSICAL REVIEW A VOLUME 29, NUMBER 6

Projectile J{.-Auger-electron production by bare, one-, and two-electron ions
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Projectile E-Auger-electron production measurements were performed for the bare, one-, and
two-electron ions of C, N, O, and F incident on He, Ne, Ar, and Kr gases. The measurements were

taken over an energy range of 4 to 3 NIeV/amu using a cylindrical mirror analyzer. For the in-

cident two-electron ions, single-electron capture to excited states of the I,'1s2s) S metastable com-

ponent of the incident beam was the principal mechanism giving rise to the observed E-Auger tran-

sitions. For the bare and one-electron ions, double electron capture to excited states was the dom-

inant mechanism leading to K-Auger-electron production. In addition to Auger-spectroscopy mea-

surements, total E-Auger production cross sections were determined as well as the partial cross sec-
tions for electron capture to specific n levels of the projectile. The n distributions were also mea-

sured for double electron capture to excited states of the bare and one-electron ions.

I. INTRODUCTION

Numerous measurements of Auger-electron production
have been performed in recent years. The vast majority of
these studies, however, have concentrated on collisionally
produced Auger-electron emission from either the target
atom or from low ch-arge states of the projectile ion.
Thus these measurements have been used to study inner-
shell vacancy pmduction mainly via the processes of elec-
tron excitation and ioni. zation. Until very recently,
Auger-electron pfodUct1on has not bccn wldcly Used as an
investigative tool for the study of electron capture in ion-
atom collisions. The review articles by Rudd and Macek, '

Garcia et al. , and Mathews provide a very good sum-

mary of the study of Auger-electron production in addi-
tion to the general techniques involved.

In this wofk pfo)cctllc E-Auger-electron pfoductlon ls
studied for very highly charged incident ions in which the
capture of one or more electrons to high-n levels is the
dominant mechanism by which states are formed with an
inner-shell vacancy. In particular, K-Auger-electron pro-
duction measurements are performed for the bare, one-,
and two-electron ions of C, N, 0, and F incident on He,
Ne, Ar, and Kr gases. Total cross sections for projectile
E-Auger-electron production are presented over an energy
range of —,

' to —,
' MeV/amu. Both the projectile- and

fai'get-Z depeiideiicies of tlie ci'oss sectioiis aie giveii iii
addition to the projectile chai'ge-state dependence {for
g =Z, Z —1, Z —2). FurtheHIlore, partial cross sectioiis
for electron capture to specific n levels of the projectile
are presented. These partial cross sections provide a rath-
er unique set of data, since only a limited number of ex-
perimental investigations have been made which deter-
mine the distribution of final state n populations follow-
1ng clcctfon captUrc.

There are severa1 advantages to studying E-vacancy
production for the above-mentioned collision systems us-

ing K-Auger-electron emission techniques instead of high
resolution x-ray techniques. In general, for ions with

Z (20, the fluorescence yield to+ is much less than 1. '

Thus for the collision systems of interest to this study, the
decay of the excited states via K-Auger-electron emission
is much more probable and less sensitive to the fluores-
cence yields. In addition, the low reflection efficiencies
for crystal spectrometers {—10 ) make K-Auger-
electron measurements much more tractable.

There are also numerous advantages in studying Auger
cmlsslon by high1y charged pro)cctile lons. PfevloUs work
has shown, for example, that the collisionally pmduced
delta-electron background decreases significantly with in-

creasing charge state. ' Thus the highly charged in-

cident ions used in this work produce a very high peak to
background ratio, which makes it easier to perform spec-
troscopy measurements. The use of highly charged in-
cident ions also decreases the number of pmcesses leading
to Auger decay which can occur during the collision.
Thus the interpretation of the experimental results and
comparisons with theory are simplified.

II. EXPERIMENT

The experiment was performed at the James R. Mac-
donald Laboratory at Kansas State University using a
model EN tandem Van de Graaff accelerator. The ion-
induced K-Auger-electron measurements were performed
by using an electrostatic cylindrical mirror analyzer. This
particular type of electron spectrometer has the distinct
advantage of having a very high efficiency, since almost
the entire azimuthal angle 2m. is accepted, while maintain-
ing adequate resolution for the electron energies of in-
terest. The design parameters of this particular analyzer
have been presented previously by Woods et al. ,

"while a
more general tI'eatInent of the parameters and focusing
properties of the cylindrical mirror analyzer has been
given by Risley' and Mathews.

A general discussion of the experimental techniques
and procedure have been presented in some detail in a pre-
vious paper. In addition, the method of analysis as well
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FIG. 1. Projectile A:Auger-electron spectrum for a 4
MeV/amu e cF + + H collision is compared to theoretical Auger
transition energies for 1s2snl Li-like states.

III. RESULTS AND DISCUSSIQN

A. Projectile EC-Auger-electron spectra

S IOne s stem of particular interest is that o an incident
two-e ec r o- 1 t on projectile colliding with one o
t t ases. An example of this is shown in ig.targe gases.
the projectile E-Auger-electron spectrum or a
MCV/amu F ++ He collision is presented, The igure
also shows the theoretical E-Auger transition energies o

l ' ' d Chung. ' It is seen that the observed
'

sion comes from a three-electron i- i eclcctfon emission coil1
f autoionizing states. The formation o e o-series o au o'

served states is possible because an appreciab e
—25%%u') f the incident F + beam is not in the ls 'S

d state but rather is in the metastable (1s2s) s a e.gI'OUn Sta C U I
i rIIlcd b s1n lc-Thus the Li-like autoionizing states are horme y

'
g

electron capture to exci eited states of the metastable com-
ponent of the mci enf ' ' 'd t F + beam. A more detailed discus-
slo11 of tllc IIlctastablc co111pollcIit of tllc Incident two-
clcctI'on pI'ojcct1 cs w1'1 'll be given when the total Auger
pfoduction CI oss sections RI'c pi cscntcd.

The charge-state dependence of the incident projectile
has also been measured. Figure 2 shows an example of
this dependence or e af th bare one- and two-electron ions
of fluoiillc lnclucn 011'd t Ar The measurements were made
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FIG. 2. Charge-state dependence of thehe — Me V/arnu
F~+ + Ar E-Auger-electron spectra is shown. T pn The s ectra are
presented or q =d f =7—9 in the laboratory frame of reference.

tfum~ c samth same basic features are observed with inemat-
ffects) as was seen in Fig. 1 for the F
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FIG. 3. E-Auger-electron spectrum for a 3 MeV/axnu2

F + + Ar collision is compared to theoretical Auger transition

energies for several of the 2ln'l' hypersatellites.
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are observed at —1100 eV. These states could be formed
by triple electron capture to the bare projectile. However,
it is much more probable that the observed intensity is
due to a small amount of F7+ and Fs+ impurities in the
incident F9+ beam formed by charge exchange upstream
from the target region. It should be noted, however, that
the intensity pattern for these lines is not the same as that
observed for the F + and F +.

The intensity patterns of the two observed peaks (at
—1100 eV in Fig. 2} for electron capture to the n =2 level

of F + and F + ions are given in Table I. The fraction of
the intensity in each peak is given for targets of He, Ne,
Ar, and Kr at incident velocities of —, and —, MeV/amu.
It is seen, for example, that for the F + + He collision at
—,
' MeV/amu, 63% of the observed intensity is in the first

peak ( S and P states) and 37% is in the second peak ( P

states). For the F + + He collision, however, only 42%
of the intensity is in the first peak while 58% is in the
second. The difference in the observed intensity patterns
is due to the processes by which the observed states are
formed. For the incident F + ion, the observed intensity
comes predominantly from the states formed by single-
electron capture to the (ls2s} S component of the beam.
Hence the (ls2s2p) P+ state, formed from the (ls2s)'S
state, should not make an appreciable contribution to the
observed intensity. For the incident F + ion, however,
double electron capture to the n =2 level would produce
the (1s2s2p) P+ state in addition to the (is2s2p) P
state. Thus the relative intensity for the second peak
should be larger, as is observed. The intensity fractions
for F + and F + on He and Ne compare favorably to pre-
vious high resolution x-ray measurements. '

The intensity fraction of the second peak also increases
as the target Z is increased. The increased intensity for
the higher Z targets is due to multiple capture events
where additional captured electrons act only as spectator
electrons. The states formed by multiple electron capture
lie to the high-energy side of the second peak. ' Thus
the observed intensity of the second peak is increased as
the target Z is increased since multiple capture events are
much more probable for the higher Z targets.

The intensity fractions also show a dependence upon
the incident velocity. The intensity fraction of the first
peak is, in all cases, seen to decrease with increasing ve-
locity. This velocity dependence is due to the lifetime ef-
fect of the (ls2s p2)"P state which will be discussed in de-
tail later in the text.

The target dependence for the various incident projec-
tiles has also been measured. Figure 4 gives an illustra-
tion of this dependence for F + ions incident on targets of
He, Ne, Ar, and Kr. In this figure the previously dis-
cussed He-like hypersatellite series is clearly observed.
The relative yield for K-Auger-electron production is seen
to increase with increasing target Z. However, the rela-
tive capture of one electron to n =2 levels and the other
electron to the higher n levels (n )2) appears to decrease
as the target Z is increased. Hence for the Kr target the
double electron capture occurs predominantly to the 1.
shell (2l21' capture), while for the He target a much larger
relative fraction of the double capture is to the M shell

TABLE I. The intensity fractions for electron capture to the n =2 level of F + and F'+.

Projectile Target

MeV/amu1

1st peak 2nd peak

MeV/amu2

1st peak 2nd peak

F'+
Fs+ He

0.70
0.51

0.30
0.49

0.63
0.42

0.37
0.58

F +

F + Ne
0.58
0.42

0.42
0.58

0.53
0.38

0.47
0.62

F+
Fs+ Ar

0.61
0.40

0.39
0.60

0.44
0.35

0.56
0.65

F'+
Fs+

0.52
0.32

0.48
0.68

0.43
0.30

0.57
0.70
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FIG. 5. Projectile-Z dependence of the K-Auger-electron
spec rapectra is shown for the various incident two-electron ions. The

~ ~ ~ 1spectra were taken at an incident velocity of 4 MeV/amu and

are given in the laboratory frame of reference.

(2l3l' capture) and above. This feature will become even
more apparent when the partial cross sections for electron
capture are presented.

In addition to the target dependence, the projectile-Z
dependence has also been measured. One example of this

fcis given in Fig. 5 for the two-electron projectiles of C,
0 d F incident on He. All measurements were taken atan

fr K-the same incident velocity. The relative yield for
Auger-electron production is seen to increase with increas-
ing projectile Z. Although the observed spectral features
are basically the same for the various projectiles, the line
energies and spacings for the observed transitions increase
with increasing projectile Z due to the increased binding

ll itand energy level spacing for the higher Z ions. Fina y, i
can also be seen that the delta-electron background de-
creases for the higher Z projectiles where the observed
electron energy is higher.

B. Total EC-Auger-electron production
cross sections

The highly charged incident projectiles used in this
study are formed by passing a high velocity, low-charge-
state ion through a thin carbon post-stripping foil. This
method produces a distribution of charge states in addi-
t t forming numerous excited states for a given chargeion o
state. In general, these excited states have very short i e-
times and decay to the ground state before reaching the
target region. For the two-electron projectiles, however,

several of these excited states are long lived and do sur-
vive to the interaction region. In particular, it can be
shown that -99.6% of the metastable (ls2s) S F + state
(lifetime r=277 psec) produced in the post-stripper foil
10 m from the target region at an energy of 9.5 MeV will
reach the interaction region while only 0.6%%uo of the
(ls2s)'S state (lifetime r=198 nsec) will survive The.
fraction f3 of the (ls2s) S component of the incident3S

F + beam has been measured as a function of the incident
energy by Terasawa et al. ' The measurement involves
determining the relative yield of target Ti K x rays as a
function of the incoming projectile charge state. It is as-
sumed that the (ls )'S component of the F + beam pro-
duces the same number of Ti EC x rays as an equivalent
beam of F~+ where q &6. In addition, the single E va-
cancy bearing (ls2s) S component of the F + beam pro-
duces the same number of Ti K x rays as an equivalent
beam of F + ions. The metastable fraction f3s of the
(ls2s) S component is then given by the following expres-
sion:

o (7+ ) —o (6+ ) &(7+ ) —&(6+ )
(1)~(8+)—~(6+) &(&+)—&(6+) '

where cr(q+) and F(q+) represent the target E x-ray
production cross section and x-ray yield, respectively.

This analysis was extended to include the other projec-
tiles of interest to this work by utilizing the charge-state
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dependence of previous x-ray measurements. ' Using
these x-ray measurements, the metastable fraction of the
(ls2s) S component for various projectiles is shown in
Fig. 6. The fraction is given as a function of the ratio of
the projectile velocity to the K-shell-electron velocity.
The solid line in the figure was drawn to guide the eye.
The fraction is seen to increase from 0.1 to 0.3 with in-
creasing velocity. Since the fractions for the various pro-
jectiles all fall within the limits of error, the values from
the solid line were used in the analysis of the cross sec-
tions for the incident two-electron projectiles.

Since an appreciable fraction of the incident two-
electron projectiles are in the (ls2s) S metastable state,
single-electron capture to this state can result in a E-
Auger transition. The incident two-electron ions in the
(ls )'S ground state could also give rise to K-Auger tran-
sitions, but only by a two-step process. This process
would involve the simultaneous capture of an electron to
an excited state plus E-shell excitation and is expected to
be much less probable than single capture to the meta-
stable state.

The total cross sections for projectile E-Auger-electron
production by F + ions incident on He and Ne targets are
shown in Fig. 7. The total cross sections have been ad-
justed by the fraction of the (ls2s) S metastable com-
ponent as given in Fig. 6. The cross sections are given as
a function of projectile energy and are compared to a
theoretical Oppenheimer-Brinkman-Kramers (OBK)
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FIG. 7. Energy dependence of the total E-Auger-electron
production cross sections for F + + He and Ne is compared to a
theoretical OBK calculation. The calculation is normalized to
the 6.33 MeV F + data.
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calculation for electron capture. The OBK calculation is
well known to lie above experiment by as much as an or-
der of magnitude, ' and was normalized to the
MeV/amu F + data. Appropriate screening parame-
ters ' for spectator electrons have been included in this
calculation. It can be seen that the OBK calculation gives
general agreement for the energy dependence of the cap-
ture cross section over this energy range, although the ex-
perimental result lies above theory for the lowest energy.
However, the agreement appears somewhat better for the
He target than for the Ne target.

The projectile-Z dependence of the total E-Auger-
electron production cross sections for the various two-
electron incident ions is shown in Fig. 8. All measure-

I I I I I I

0.5 0.6 0.7 0.8 0.9 I.O
Y/Yg

FIG. 6. The fraction f3 of the iis2s)'S component is shownS
for various incident two-electron projectiles as a function of the
ratio of the projectile velocity to the K-shell-electron velocity.
The solid line is drawn to guide the eye and used in the analysis
of the cross sections.
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PROJECTILE Z

FIG. 8. Projectile- Z dependence of the total X-Auger-
electron production cross sections is shown for the various two-
electron ions at an incident velocity of ~ MeV/amu. The re-

sults are compared to an OBK calculation normalized to the
N + result.
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ments were made at the same projectile velocity of —,
'

MeV/amu. The results are compared to an OBK calcula-
tion normalized to the N + experimental measurements.
It can be seen from the figure that the cross sections in-
crease with increasing projectile Z and that the
projectile-Z dependence given by the normalized OBK
calculation is in good agreement with the experimental re-
sults.

Total E-Auger-electron production cross sections were
also measured for the one-electron F + ions incident on
He, Ne, Ar, and Kr gases. The results are given in Fig. 9
as a function of projectile energy. The curves in the fig-
ure are drawn to guide the eye. As was discussed in the
preceding section, the mechanism giving rise to EC-Auger-
electron production for an incident one-electron ion is
double electron capture to excited states of the projectile.
It can be seen from the figure that the cross section for
this process falls off with energy much more rapidly for
the lower Z targets. In addition, it is seen that the cross
sections with a Ne target cross over those with an Ar tar-
get at the lower energies. This indicates that for the
near-symmetric collision system, the matching of projec-
tile and target energy levels plays an important role in the
charge-exchange process. Although some work, both
theoretical and experimental, has been performed for dou-
ble E-shell to E-shell electron transfer, a theory for dou-
ble electron capture to excited states of the projectile has
not been established in the literature.

The projectile-Z dependence of the total E-Auger-
electron production cross sections for the incident one-
electron ions is shown in Fig. 10. All measurements were
made at the same incident velocity of —,

' MeV/amu. The
solid lines are drawn to guide the eye. The cross sections,
which represent double electron capture to excited states
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LLI
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of the one-electron ions, increase with increasing projectile
Z and exhibit the same basic systematic behavior as that
seen with the incident two-electron ions as given in Fig. 8.

The dependence of the total E-Auger-electron produc-
tion cross section on the incident projectile charge state is
shown in Fig. 11. The measurements were taken at the
same projectile velocity of —, MeV/amu using He, Ne, Ar,
and Kr target gases. For the incident fluorine ion, the
cross section is observed to decrease in magnitude as the
charge state is increased from 7 to 8. As discussed previ-
ously, the mechanism giving rise to E-Auger-electron pro-

PROJECTILE Z

FIG. 10. Projectile-Z dependence of the total E-Auger-
electron production cross sections is shown for the various one-
electron ions at an incident velocity of —, MeV/amu. The solid
lines are drawn to guide the eye.
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FIG. 11. Charge-state dependence of the total E-Auger-
electron production cross sections is shown for 3 MeV/amu
F~+ (q =7,8,9) incident on He, Ne, Ar, and Kr gases. The
dashed lines are drawn to guide the eye.



PROJECTILE E-AUGER-ELECTRON PRODUCTION BY BARE, . . . 3035

duction for the F + ion is single-electron capture to the
(Is2s) 5 metastable component of the beam. For the F +

ion, however, double electron capture to excited states
leads to E-Auger-electron emission. Since the double cap-
ture process should be less probable than the single cap-
ture process, the cross section should decrease for the F +

ion, as is observed. For the Kr and Ar targets, and within
the error bars for the He and Ne targets, the cross section
increases for the bare F + projectile. The mechanism giv-
ing rise to K —Auger-electron emission for an incident
F + ion is also double electron capture to excited states.
However, with a F + projectile, the electron already
present on the ion would provide some screening during
the collision. Hence the F + cross section would be ex-
pected to be lower than the F +, as is observed. Figure 11
also shows the target dependence of the cross section. It
is observed that for the F + + Ne collision, the cross sec-
tion is above that with an Ar target, indicating once again
the importance of energy-level matching for the near-
symmetric collision system.

C. n distributions for electron capture

Numerous studies of electron capture to excited states
from x-ray production measurements (mainly in poor
resolution) have been performed in recent years.
However, only a limited number of measurements have
been made which determine the distribution of final-state
n populations following electron capture. " In the
present work not only are total cross sections measured
for the electron-capture process, but also partial cross sec-
tions for electron capture to specific n levels are deter-
mined from Auger production measurements.

The OBK approximation predicts, for sufficiently high
velocities or sufficiently high n levels, that the electron
capture to excited states will behave as a 1/n function.
Figure 12 shows the partial cross sections for single-
electron capture to the n =2, 3, and 4 levels, and the sum
of all levels & 5 for a F + ion incident on He and Ne tar-
gets. The measurements were taken at a projectile veloci-
ty of —,

' MeV/amu and are compared to a 1/n function
normalized to the n =3 level. It is clear from the figure
that the partial cross sections do indeed show a 1/n
dependence. However, Fig. 12 also shows the OBK calcu-
lation normalized to the n =3 level. It is evident from
this comparison that the OBK approximation does not
have a 1/n dependence at these projectile velocities and
thus does not agree with the experimental results for the n

dependence of the electron capture. Therefore, either the
projectile velocity is not sufficiently large for the OBK
approximation to give a 1/n dependence for electron
capture to the lower levels, or some other processes not in-

cluded are affecting the n distributions.
One process that could account for some of the

discrepancies between the experimentally observed n

dependence for electron capture and the theoretiml pre-
diction is the effect of cascading. This process can occur
when an electron is captured to a high n level of the pro-
jectile, and rather than undergoing deexcitation via the
Auger process, decays to a lower level through x-ray ernis-
sion. Thus the electron can casmde down to a lower ener-

)O- I 5
1I/3 MeV/omu F'~+ I

AUGER PRODUCTION CROSS SECTIONS
Is2snk~ Is~

0

g (O-17

LLI

O
Ct

~O-Is

n

FIG. 12. n dependence of the partial capture cross sections is
shown for 3 MeV/amu F + incident on He and Ne. The cap-
ture to level & 5 represents a summation of all higher n levels
for the experimental result. The partial cross sections are com-
pared to a 1/n function and an OBK calculation normalized to
the n =3 result.

gy level, and if the ion subsequently decays via a E-Auger
transition, the observed K-Auger-electron yield for the
lower n levels will be enhanced. Since the time spent in
the viewing region of the analyzer, and hence the time al-
lowed for the electron to cascade to a lower energy level,
is -250 psec for a —,

' MeV/amu projectile for example,
cascading may be an important effect. This problem has
been investigated to some degree in a previous paper us-
ing a hydrogenic model and assuming only E1 x-ray tran-
sitions as possible decay channels. This investigation
showed that although the agreement between experiment
and the theoretical OBK calculation is improved by in-
cluding cascading effects, it does not account for all of the
discrepancy. However, additional detailed analysis of the
casmding process should provide more insight into this
problem and is a subject for future investigation.

In addition to the effects of cascading, the lifetime ef-
fects for individual states may also contribute to the
discrepancies between experiment and theory for the n
dependence of electron capture. If the excited state creat-
ed by electron capture has a liftetime on the order of or
longer than the length of time the ion spends in the view-
ing region of the analyzer, only a fraction of the intensity
of that state will be observed. In general, the lifetimes of
the excited states created by electron capture are relatively
short ( & 10 ' sec). An exception to this is the lithium-
like (ls2s2p) P state. The lifetimes of this state for the
projectiles of interest are given in Table II. In addition,
this table contains the fraction R of the measured K-
Auger-electron intensity to the total intensity for the pro-
jectiles of interest. The measured fraction was determined
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(1s2s2P) PI/2 1.60@10-'
3.68 g 10-'
1.07X10 '
3.57X10 '

0.02
0.10
0.30
0.66

TABLE II. Lifetimes and fractions of measured intensities,

R, for the Li-like (1s2s2p) P states.

Lifetimes
(sec)

I I I I: t/4 MeV/amU
AUGER PRODUCTION CROSS SECTION
fs2snE~ ts2

F7'+ He
0 o +He

N~++ He

a C4++ He

6.37' 10-'
1.45 X10-'
4.20X10 '
1.39X10 '

0.06
0.23
0.60
0.94

)-IQ ~6

O
CC

(152s2p) P5/2 8.85 y 10-'
4.27@10 '
2.30' 10-'
1.28 X 10-'

0.04
0.09
0.15
0.26

in Table II for an incident projectile velocity of
MeV/amu by the following expression: '

8= Xo+X( ( 1 ~
—kX)

GX, (2)
Xo X)

where Xo is the distance from the entrance aperture of the
interaction region to the start of the analyzer viewing re-

gion, X~ is the length of the analyzer viewing region, and
A,(=1/ur) is the decay constant expressed in units of in-
verse length for a projectile of velocity u and a state hav-

ing a lifetime s. It can be seen from Table II that the ob-
served fraction of the substates of the (ls2s2p) P state
ranges from 0.02 to 0.94 and is largely dependent on the
projectile Z. It should also be noted, however, that since
the decay constant A, is a function of projectile velocity,
the observed fraction also contains some velocity depen-
dence. Hence for the higher velocity projectiles, an even
smaller fraction of the (ls2p2p) P state will be observed.

The above-mentioned lifetime effect applies not only to
the partial cross sections for electron capture to the n =2
level, but also to the total cross sections as mell. However,
difficulties are encountered when trying to co~rect the
measured intensities for this effect. As seen in Fig. 1, the
experimental resolution was such that the (Is2p2p) P
multiplet could not be resolved from the (ls2s ) S multi-
plet. Thus the contribution of the (Is2s2p) P multiplet
cannot be determined experimentally, although a statisti-
cal analysis could be used to estimate the contribution.
Lifetime effect corrections to the partial cross section for
electron capture to the n =2 level mould tend, however, to
increase the cross section. It can be seen from Fig. 12 that
an increase in the cross section for the n =2 level would
not improve the agreement between experiment and
theory but, in fact, would diminish the agreement.

Partial cross sections, representing single-electron cap-
ture to different n levels, are given for various incident
two-electron 1ons 1n Flg. 13. Shown alc thc partial cross
sections for capture to the n =2, 3, and 4 levels, and the
sum of all levels & 5. The measurements were taken at a

FIG. 13. n dependence of the partial capture cross sections is
shown for the two-electron ions of C, N, 0, and F at an incident
velocity of 4 MeV/axnu. The capture to level n & 5 x'epresents a
summation of all higher n levels. The dashed lines are drawn to
guide the eye.

projectile velocity of —, MCV/amu. The lines in the figurc
are drawn to guide the eye. The partial cross sections for
single-electron capture follow a 1/n dependence as dis-
cussed previously.

Partial cross sections can also be determined for the in-
cident one-electron ions. An example of this is shown in
Fig. 14 for —, MeV/amu F + ions incident on He, Ne, Ar,

Io-I5
Ijp M+//emu Fs
AUGER PRODUCTION CROSS
II2%n'0~ I 12

SECTION

Kr

A Ar

Ne

~ Ht.*

~o-Ie—

0
FIG. 14. n dependence of the pax'tial capture cross sections is

shown fox' 3 MeV/amu F"+ incident on He, Ne, Ar, and Kr.
The partial cross sections have been summed for the capture to
levels & 5. The dashed lines are drawn to guide the eye.
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FIG. 15. n dependence of the partial capture cross sections is
shown for 3 MeV/amu F + incident on He, Ne, Ar, and Kr.
The partial cross sections have been summed for the capture to
levels & 5. The dashed lines are drawn to guide the eye.

and Kr gases. The dashed lines in the figure are drawn to
guide the eye. These partial cross sections represent dou-
ble electron capture where one electron is captured to the
n =2 level and the other is captured to the n' level where
n'&2. The partial cross sections have been summed for
all levels )5.

The partial cross sections for —,
' MeV/amu F + ions in-

cident on He, Ne, Ar, and Kr gases are shown in Fig. 15.
The dashed lines in the figure are drawn to guide the eye.
For the incident bare fluorine projectile, the partial cross
sections also represent double electron capture where one
electron is captured to the n =2 level and the other is cap-
tured to an n' level &2. Hence the measured intensity
comes from the He-like hypersatellite transitions. It is
clear from this figure that the partial cross sections are
very dependent upon the choice of the target. As dis-
cussed previously (Fig. 4), it is apparent that the relative
capture of electrons to the higher n' levels ( & 2) decreases
dramatically as the target Z is increased. Hence for the
He target a relatively large amount of the electron capture
is to the higher n' levels. In contrast, for the Kr target a
relatively larger amount of the capture occurs to the lower
n' levels of the projectile. When the electron binding en-

ergies of the target are compared to the energy levels of
the F + projectile, it is observed, for example, that the
Mn qqq levels of the Kr match relatively closely the n =2
level of the F + projectile. For the He target, however,
the binding energy of the E-shell electrons match closely
to the n =7 level of the F + ion. Thus, the binding ener-

gies of the target electrons appear to play a significant
role in determining into what level of the projectile the
electron will be captured.

IV. SUMMARY

Measurements of projectile K-Auger-electron produc-
tion were performed for the bare, one-, and two-electron
ions, for C, N, 0, and F incident on He, Ne, Ar, and Kr
gases. For the incident two-electron ions, the electron
emission was observed to come from a three-electron (Li-
like) series of autoionizing states. These states are formed
by single-electron capture to excited states of the (ls2s) S
metastable component of the incident two-electron beam.
The total cross sections for this process fall off by several
orders of magnitude with increasing projectile energy and
are in general agreement with the energy dependence as
given by a normalized OBK calculation. In addition to
total cross sections, partial cross sections for single-
electron capture to a level n were also measured. The par-
tial cross sections for single-electron capture were seen to
follow a 1/n dependence. Furthermore, a comparison
between the observed n dependence of electron capture
and that given by an OBK calculation (which does not
have a 1/n dependence at the measured velocities)
showed large disagreement. However, a previous study
indicates that when the effects due to cascading are in-
cluded, the agreement is improved. This effect, however,
does not account for all of the discrepancy between exper-
iment and theory for the observed n distributions. More
recent theoretical studies have improved on the OBK
approximation for electron capture, but, for the capture of
loosely bound electrons to excited states of the projectile,
such calculations are not easily accessible.

For the incident one-electron ions, the same series of
Li-like autoionizing states was observed as was seen with
the incident two-electron ions. For the one-electron ions,
however, these Li-like states can only be formed by double
electron capture to excited states. In the observed spectra,
no evidence was seen of the two-electron (He-like) hyper-
satellite lines, indicating that 1s excitation plus electron
capture to excited states was not an appreciable contribut-
ing mechanism for E-Auger-electron production. Both
the target dependence and projectile-Z dependence were
presented for the total cross sections. In addition, partial
cross sections were presented which represent double elec-
tron capture where one electron is captured to the n =2
level and the other is captured to a level n' where n') 2.

For the incident bare fluorine projectiles, a different
series of Auger lines associated with the He-like hyper-
satellite transitions were observed. These lines have not
been previously observed in any projectile Auger spec-
trum. Only recently have these lines been observed in
neon target Auger spectra from coincidence measure-
ments. For the bare fluorine projectiles, however, the
observed states are formed by double electron capture,
where one electron is captured to the n =2 level and the
other is captured to a level n' where n' & 2. In addition to
total E-Auger production cross sections, partial cross sec-
tions for capture to various n levels were presented for
He, Ne, Ar, and Kr targets. The observed n distributions
were largely dependent upon the target. For the He tar-
get, for example, a relatively large amount of the capture
was to the higher n levels. In contrast, a relatively large
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amount of the capture was to the lower n levels for the Kr
target. The observed n distributions for the various tar-
gets showed a correlation with the matching of projectile
and target energy levels.
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