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The cross section for production of excited Ne ions with double K-shell vacancies is measured by observing
the Auger electrons from the decay of these states. A ¹gastarget is bombarded by 1—2-MeV/amu N, 0,
and F projectiles in various incident charge states. The K-shell Auger hypersatellites are observed only for
bare nuclear projectiles. The projectile charge-state dependence, projectile Z dependence, and energy
dependence of the cross section suggest K-shell electron exchange as a production mechanism.

I. INTRODUCTION

Auger-electron emission from Ne gas targets
bombarded by high-energy heavy-ion projectiles
has recently been investigated. ' ' The observed
spectra generally exhibit many peaks at lower en-
ergies than the single K-shell vacancy diagram
lines. These lines are due to multiple I.-shell
ionization. Many lines are also observed at higher
energies than the diagram lines, and they corre-
spond to Auger electrons from initial states with
excited electrons. Even in the highest available
energy resolution, the Auger emission lines can-
not be completely resolved, because of the large
density of closely spaced lines.

We have obtained Ne K-shell Auger spectra from
a gaseous target of Ne bombarded by 1-2-MeV/
amu N, 0, and F projectiles in various incident-
proj ectile charge states. Auger -electron-produc-
tion cross sections have been deduced; the com-
plete results will be presented in a forthcoming
paper. In the present paper we wish to emphasize
the observation of a new group of electron lines in
the Auger spectra from Ne at approximately 110 eV
above the 'D diagram line. These Auger electrons
are identified as coming from transitions involving
Ne ions with double K-shell vacancies in the initial
state (Auger hypersatellites). The cross section
for producing these Auger hypersatellite electrons
is presented. The projectile charge-state depen-
dence of the cross section indicates that the double
K-shell vacancy initial states are produced only
with bare nuclear projectiles. The cross section
for production of these states is also found to de-
crease with increasing energy in the energy range
studied. The energy dependence of the cross sec-
tion is the same as the energy dependence pre-
dicted for charge exchange.

II. EXPERIMENT

The ejected electrons are energy analyzed in a
cylindrical-mirror analyzer with a 42 acceptance
cone. ' The axis of the cylinder is rotated 132' with

respect to the beam axis so that electrons ejected
from 90' to 174 in the lab frame are analyzed.
This is done to reduce the background associated
with collisionally produced electrons and beam
Auger electrons which are forward peaked. ' The
energy-analyzed electrons are detected with a
channel electron multiplier, and this signal gates
a voltage which is proportional to the voltage be-
tween the cylinders of the analyzer. This voltage
is then processed by a PDP-15 computer with a
multichannel pulse-height interface. The voltage
between the analyzer cylinders is varied between
200 and 700 V in a triangular wave pattern at a
rate of 1 Hz, with typical runs consisting of ap-
proximately 4000 cycles. Calibration is accom-
plished by setting the voltage between the cylinder
and then using a pulser to operate the gate. The
conversion from voltage between the cylinders to
energy of the electrons is determined by the geo-
metry of the analyzer. In all the electron spectra
a continuous electron background is present.

The gas pressure in the gas-cell region was
monitored by a thermocouple gauge, and it was
usually set at 20 mTorr. The absolute pressure
does not need to be known accurately, since the
cross sections are deduced by normalizing to the
electron yield from proton bombardment. The
pressure needs to be low enough so that no charge
changing collisions occur before the gas-cell re-
gion, and so that a beam ion suffers at most one
collision in the gas cell. Doubling the 1-cm gas-
cell region, and using a collision cross section of
n'a2o = 9 && 10 "cm', it is estimated that only 12' of
the incident ions would suffer a collision in tra-
versing the gas cell with a gas pressure of 20
mTorr. Tests were conducted on Ne using F"at
3 and 5 MeV, and the proton normalization and
Ne K-shell Auger yield were linear, with the gas-
cell pressure from 5 to 30 mTorr. The current
measured at the Faraday cup for F" at 24 MeV
was measured with the gas in the cell and with the
gas pumped out of the cell. No current change
could be detected, indicating that there were no
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large (& 10%) charge-changing effects occurring.
In order to obtain Auger-electron yields, it was

necessary to perform a background subtraction. The
background above and below the peaks could be fitted
satisf actor ily with a polynomial or an exponential of
a polynomial in the electron energy. Cross sections
are deduced by assuming isotropic emissionof elec-
trons and normalizing to the previously measured
1.0-MeV proton-induced cross section of Toburen. '
Details of the apparatus and analysis will be present-
ed in a forthcoming paper.

Ill. RESULTS

Figure 1 shows the spectra obtained for Ne bom-
barded by 25-MeV F" and 2-MeV H'. The instru-
mental resolution is approximately 1%. The H'-
induced spectrum consists primarily of diagram
lines, as illustrated, and are similar ta previously
reported spectra. ' Several interesting features
are seen in the F"-induced spectrum. The main
peak shifts from about 800 to 700 eV owing to mul-
tiple L-shell ionization. The lowest energy peak,
at approximately 660 eV, is due to the highly ion-
ized Li-like configuration (one K-shell and two L
shell electrons in the initial state), and is seen
with a large intensity. ' There are also intense
peaks above the normal Auger lines at approxi-
mately 820 and 915 eV.

The variation of the spectra with charge state is
depicted in Fig. 2, and shows clearly that the F"-
induced spectrum differs substantially from the
F+'- and the F+'-induced spectra. The latter two
spectra are similar to previously reported low-
resolution Ne Auger spectra produced by 50-MeV
Cl bombardment' and high-resolution Ne Auger
spectra produced by O bombardment. ' The electron
intensity near 820 eV mentioned above is due to
single K-shell vacancies plus excitation, and has
been observed in previous experiments. ' The
major differences that we wish to emphasize in the
new data are the following: (1) a peak is present
at 915 eV in the F" spectrum but not in the other
spectra and (2) the F" spectrum shows greater
intensity near 750 eV. We tentatively identify these
structures as Ne K-shell Auger hypersatellites,
which are Auger electrons emitted from initial
states of Ne with double K-shell vac3ncies. Fea-
ture (1) is associated with a KI.M type of Auger
transition from excited Ne with double K-shell
vacancies. Ne has no M electrons initially; there-
fore, theM electron required for the KLM transi-
tion must come from excitation during the colli-
sion. Feature (2) is associated with a KLL type of

. Auger transition from Ne with double K-shell va-
cancies. The spectra. for F" bombardment with
q &8 do not exhibit these two features. The spec-
tra for N" and 0" are similar in that these fea-

tures are present when and only when a bare nu-
cl.eus is used for a projectile. The Li-like state
Bt 660 eV is also more intense with the bare nu-
clear projectile. It is expected that initial states
with three L-shell electrons and one M-shell elec-
tron and states with four L-shell electrons would
cascade through the Li-like state by Auger emis-
sion. The enhancement of the Li-like state for
bare nuclear projectiles is due to this cascading
effect, as well as to an increase in multiple L-
shell ionization with increasing projectile charge
state. The lines in the upper part of the figure are
Hartree-Fock" energies of the ejected electron
from all the initial states with electron configura-
tions (2p)"(3p) (a total of 114transitions for n = 1-6)
and (2P)" (a total of 20 transitions for n=2-6).
Multiplet splittings are included, and the solid
bars indicate a large density of closely spaced ini-
tial spin states. Many more K-shell Auger hyper-.
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FIG. 1. The four peaks in the H+-induced spectrum
are the partially resolved diagram lines and indicate the
experimental resolution. The peak labeled P contains
intensity from EL-L3 transitions as well as the diagram
line. The 25-MeV F+8-induced spectrum indicates the
excitation of Auger electrons at energies both above and
below the diagram lines. The lowest energy peak, at
approximately 660 eV, is due to the Li-like initial con-
figurations 1s2s2 and 1s2s2p. The Auger-electron group
(hypersatellites) centered at 915 eV arises from double
E-shell vacancies plus excitation.
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FIG. 2. Projectile charge-state dependence of Ne Aug-
er electrons by F at 25 MeV. The hypersatellite peak at
915 eV is present only in the F+9 case. The calculated
positions for 2P "3P initial configurations are shown. The
spectrum filling near 750 eV is attributed to hypersatel-
lite Auger electrons from the initial configurations (2P)",
as shown. The intensity of the Li-like configurations is
also dramatically increased for the F+9 case.

FIG. 3. Energy dependence of the Ne E-shell Auger-
electron spectra for F+eprojectiles from 20 to 35 MeV.
The calculated hypersatellite energies are depicted as in
Fig. 2. The hyper satellite-plus-excitation peak at 915
eV is decreasing in intensity as the energy increases.
The intensity of the Li-like peak at 660 eV is also de-
creasing as the energy increases.
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satellites are possible for states with 2s electrons;
however, it is expected that the energies will de-
pend mainly on the number of L-shell electrons in
the initial state. These are not illustrated in Fig.
2, but add tremendously to the density of allowed
transitions.

Figure 3 shows the F"-induced Ne K-shell Auger
spectra for various energies. It is clear that the
peak centered at 915 eV is decreasing with in-
creasing energy. It should also be noted that the
Li-like peak is also decreasing with increasing
energy. Figure 4 displays the measured K-Auger-
electron-production cross section as a function of
energy for F"-Ne collisions. The total Auger-
production cross section in the energy range 20-35
MeV is constant, as indicated by the dashed line.
The excitation cross section for the E-Auger hy-
persatellites decreases by a factor of 2 over this
same energy range. The solid line represents a
renormalized Brinkman-Kramer" energy-depen-
dence prediction for electron capture into the pro-
jectile K shell from the target X shell. The ob-

Ne K-SHELL AUGER SPECTRA
FROM BARE NUCLEAR PROJECTILES
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FIG. 4. Total K-shell Auger-electron cross section
(0) and partial cross section for exciting the hypersatel-
lites centered at 915 eV (8). The latter is multiplied by
10 in the figure for clarity. The absolute accuracy is
about 30/p and the energy dependence is accurate to 10@,
as shown. The solid curve is the Brinkman-Krarner cal-
culation for electron capture into the K shell of the pro-
jectile from the K shell of the target, normalized at 25
MeV. The dashed line indicates the trend of the total
K-shell Auger-production cross section.
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FIG. 5. Projectile dependence of the Ne K-shell Auger
spectra for bare nuclear projectiles of N, 0, and F. A
background of the form of an exponential of a polynomial
in electron energy has been subtracted from all three
spectra.
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served energy dependence closely follows the the-oreticall

Brinkman-Kramer prediction for K-e].ec-
tronic exchange.

The Ne Auger spectra for bare nuclei of N, 0,
and F are given in Fig. 5. In these spectra, a
continuous electron background of the exponential
form, as discussed in Sec. II, has been subtracted.

Table I gives the measured Auger-electron-pro-
duction cross sections by bare nuclear projectiles
for the electron energy range of 850-950 eV. Also
given is the Brinkman-Kramer" prediction for
target K-shell to projectile K-shell electron ex-
change. The absolute theoretical cross section
and values, normalized to the 880-950-eV cross
section for F"at 25 MeV, are given. The F"
energy dependence is predicted, as discussed pre-
viously. The observed N" and 0"cross sections
are approximately 50%%up lower than the F" cross
section for matched velocities. The calculated
cross sections also fall off, but less rapidly.

It is not possible to deduce the average fluores-
cence yield for the double-vacancy states reported
here, since the x-ray yields have not been mea-
sured. Experiments have been performed in which
Ne x-ray emission from heavy-ion bombardment
is used as a measure of relative multiple-vacancy
production by using curved-crystal spectrome-
ters. " " These x-ray spectrometers have enough
resolution to separate the double K-shell vacancy
hypersatellite x rays from the single K-shell va-
cancy satellite lines. F-projectile x rays overlap
the Ne hypersatellite x rays, which prevents ac-
curate determination of the x-ray hypersatellites
for this case. For the case of N and 0 bombard-
ment, the yield is relatively small, making it dif-
ficult to obtain enough intensity to do a detailed

study. When Cl is used as a projectile, " the hy-
persatellite x rays are clearly observed; however,
most of the hypersatellites x-ray intensity comes
from H-like initial states. The ELM hypersatel-
lite Auger-electron transitions are not observed
in the electron spectra with Cl bombardment, ' "
though bare nuclear Cl'" has not been used as a
pr oje ctile.

IV. CONCLUSION

In conclusion, we observe a dramatic difference
in the Auger spectra of Ne when bombarded with
bare nuclear projectiles as compared to projec-
tiles with one or more electrons. The difference
is additional structure from KLM and KLL hyper-
satellites in the Ne Auger spectra with bare nu-
clear projectiles. The energy dependence of the
hypersatellite production with F projectiles sug-
gests a K-shell electron-exchange mechanism,
since the observed cross section is decreasing
with increasing projectile energy in the region
studied. The charge-state dependence indicates
that it is necessary to have two K-shell vacancies
in the projectile in order to produce an appreci-
able amount of hypersatellite intensity. This also
suggests that K-shell electron exchange is the
mechanism for producing double K-shell vacancies
in these collisions. We suggest that the excited
states observed are produced by a capture mech-
anism that should be peaked about symmetric Z
collisions with bar e nuclear projectiles. A thorough
analysis of fluorescence yields for ion-atom col-
lisions involving bare nuclear projectiles should
contain the consideration of Auger hypersatellites.
Approximately 5% of the total Auger-electron pro-
duction cross section of Ne by F" is iri the KLM-

TABLE I. Cross sections for the production of Ne K-shell Auger hypersatellites in the
880-950-eV electron energy range.

Projectile

p+8

Energy
(Me V)

20.0
25.0
27.5
30.0
35.0

24.0

14.0
19.0

(observed)

6.6
5.2
4.4
4.8
3 4

2.2

2.4

a&K (10 ~7 cm )

(calculated)

9.06
6.49

4.83
3.69

4.71

6.69
4.10

oBK (10 9 cm)'
(normalized)

7.32
5.24

3.90
2.98

3.80

5.40
3.31

The absolute error in the cross section is about 3{}%,whereas the relative error is
about 10%.

~ Brinkman-Kramer prediction for K-shell-to-K-shell electron exchange.
These are renormalized Brinkman-Kramer calculations to fit the 25-MeV F'9 hyper-

satellite cross section.
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type hypersatellite production as given in Table I.
In addition, the unresolved ELl.-type hypersatel-
lite production, which fills in the F" spectrum
near 750 eV electron energy, is estimated to be
15/q of the total Auger-electron-production cross
section. The estimate is obtained by subtracting
the F" spectrum from the F' spectrum.
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