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Effect of Multiple Ionization on the Fluorescence Yield of Nef
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E Auger-electron and E x-ray yields of Ne have been measured simultaneously in 30-
MeV 0 + collisions with Ne. Both spectra are dominated by satellite transitions. The
Ne E-shell fluorescence yield is 2.4 times larger than found in identical measurements
using 5-MeV incident px'otons.

Atomic inner-shell vacancy production in heavy-
ion collisions has been a subject of increasing in-
terest in the past several years. '2 Collisions in-
volving heavy ions with energies of the order of
MeV jamu have been previously studied exclusive-
ly via x-ray measurements. 3 A common feature
of all measurements in this energy range is that
the x rays ax e found to be shifted to highex ener-
gies. The shifts are the result of the multiple
ionization created in the heavy-ion collisions.
The spectra are dominated by satellite transi-
tions, each having a slightly different energy~
when observed in low resolution, the spectra ap-
pear as broad, shifted lines.

This observation has created considerable spec-
ulation" as to what extent the effective fluores-
cence yields in heavy-ion collisions are different
from those characteristic of single vacancies. 7

Fluorescence yields are needed to compare ex-
perimental x-ray production cross sections with
theoretical cross sections for inner-shell ioniza-
tion and, together with x-ray and Auger-electron
energy shifts, make possible a precise specifica-
tion of the ion states ploduced ln heavy-ion colli-
sions. In this Letter we report a simultaneous
measurement of the Ne A x-ray and Auger-elec-
tron spectra in 30-MeV 0'+ collisions' with Ne
gas. By comparing the fluorescence yield for
this collision with identical measurements using
5-MeV incident protons, it is shown that the ef-

fective fluorescence yield can increase substan-
tially with the degree of ionization.

The incident beam was produced in the Univer-
sity of Washington's model PN tandem Van de
Graaff accelerator. The beam was eollimated by
two 3-mm aperatures, 30 cm apart, at the en-
trance of a differentially pumped gas scattering
chamber and was collected in a 120-cm Faraday
cup. Typical proton and oxygen beam lntensltles
were 1 LUA, The target gas pressures were typi-
cally 10 ' Torr measured with a LN trapped Mc-
Leod gauge and were accurate to + 10%. Separate
diffusion pumps maintained the beam line and elec-
tron analyzer chamber at 5~ 10 ' Torr. The base
pressure of the system was 2x10 Torr.

The x rays were detected at 90' to the beam
direction with a gas-flow proportional counter
using P-10 gas at 1 atm. The effective solid
angle of the detector was 0,28 cm sr with an ener-
gy resolution of 4(@ full width at half-maximum
(FWHM) at 850 eV. The x-ray detector entrance
window was 6 pm Mylar coated on the detector
side with 1600 A of Al. The detector was shield-
ed from the first beam collimator and Faraday
eup by 15 em of lead. A typical x-ray spectrum
is shown in Fig. i. The single-E-vacancy, 2p-
1s x-ray energy in Ne is 850 eV.

The efficiency of the proportional counter is
assumed to be identically the transmission of the
entrance foil. For 5-MeV proton excitation, the
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FIG. 1. Ne Xx-ray spectrum accumulated during an
Auger-electron energy scan. The spectra appear iden-
tical for proton or oxygen-ion excitation. The -50-eV
shiR discussed in the text is not discernible because of
the poor resolution. The lower-energy peak is due to
C K x ray (2SO eV) produced by secondary excitation of
the colloidal-graphite coating of the scattering-cham-
ber wall.

foil transmission for the Ne E x rays was mea-
sured to be (1.63 &0.11)%. This value is consis-
tent with the theoretical value for 850-eV photons
determined from a mass weighted, ln-ln interpo-
lation of the experimental absorption coefficient
data' for C, H, 0, and Al. For the 0'+ excita-
tion, the measured Ne E x-ray transmission was
(3.36 &0.23)~/p for identical foils and geometry.
These measurements were each made for a fixed
number of accumulated Auger electrons. From
the energy dependence of the absorption coeffi-

cients, these results imply that the Ne E x rays
in the 0'+ collisions have a mean energy of 50
~15 eV higher than in the proton collisions.

Electrons emitted at 90' to the beam direction
were energy analyzed with a cylindrical-mirror
electrostatic analyzer and detected with a channel
electron multiplier. Fu11 details of the analyzer
have been presented elsewhere. " The effective
solid angle of the analyzer was 3.89x10 4 cm sr
with an energy resolution of 1.4% FWHM. An

electron gun was used to determine the energy
calibration of the analyzer. Magnetic fields in
the region of the target gas and analyzer were re-
duced to & 15 mo with three pairs of mutually
perpendicular Helmholz coils, each 1.5 m in
diameter.

Electron spectra from the proton and oxygen
collisions are shown in Fig. 2. Each datum point
represents the accumulation of a fixed number of
Ne K x rays. The proton-excited spectrum has
three noticeable features: the highest peak at
805 eV corresponding to E-L~L~, a small peak
at 770 eV, and a shoulder at -750 eV correspond-
ing to E-LiL~ and E-L~Li, respectively. These
identifications are based on earlier, high-resolu-
tion studies ~' 2 of the Ne K-LL spectrum. Ref-
erences 11 and 12 include studies of the Ne Au-
ger satellite spectra following electron and low-

energy proton bombardment. The satellites in
these cases involve, at most, one additional L

vacancy.
The oxygen-excited spectrum is quite different,

consisting of a broad peak centered at 735 eV.
Transitions with intensities above the background
occur at energies as low as 650 eV and as high
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FIG. 2. Relative electron yields Per Ne E x ray in proton and oxygen collisions with Ne gas observed at 90'.
The energy resolution is 1.4% FWHM.
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as 850 eV. Though individual Uncs are not re-
solved, we can definitely conclude that this spec-
trum is dominated by satellite transitions. This
spectrum is similar to the results of Edwards
and Rudd" for 200-ke7 Ne'+Ne measured at 160'.
The oxygen-excited group is centered -15 eV
lower in energy and is broader —we note that the
expected "Doppler" broadening effectss are dif-
ferent in the two measurements. For 30-MeV Qv+

+ Ne, observed at 90, we estimate a line broad-
ening of -2 eV; whereas in the 200-keV Ne + Ne
at 160', there is an expected line broadening of

Ne Auger and x-ray energies as a function of
charge state have been calculated by Larkins. ~3

His results, combined with a simple statistical
weighting procedure" to estimate relative intensi-
ties, would imply that the dominant Auger transi-
tions me observe involve three or four additional
vacancies. The inferred x-ray energy shift, hom-
ever, mould imply five or six. These conclusions
do not take into account the measured fluores-
cence yield.

The mean fluorescence yield for proton excita-
tion, 2~, can be written

(Op =CFI, /(8p +0'p )~(Fp /0p, '

0'p and 0'p are the x-ray and Augel -electI'on pl 0-
duction cross sections for proton excitation The
approximate equality is accurate to within (R~
x 100%. The single-vacancy, K-shell fluores-
cence yield of Ne is -0.018.7 Using the subscript"0"to denote oxygen-ion excitation, we can write

(o„o„"o,' B,(ejx)e,(x)
(r,"oo' Bo(e/x)eo(x) '

where R(e/x) is the observed ratio of E Auger
electrons to K x rays and e(x) is the x-ray detec-
tor efficiency. The last equality assumes the
geometries of both detector systems and the tar-
get gas px essure remain constant for both mea-
surements. The latter condition provides for the
cancelation of electron scattering losses in the
target gas. A(e/x) was determined by integrat-
ing the number of counts under the Auger peak
weighted by (electron energy) ', the transmission
function of the analyzer. We find that A~(e/x)/
Bo(e/x)=5. 1+0.9 and, as discussed above, eo(x)/
s~(x)= 2.1+0.2 which yields Q(30-MeV 0'+) = (2.4
&0.5)&u(5-MeVP). Fluorescence yields for defect
configurations can be estimated using the statisti-
cal scaling procedure'~ mentioned above. This
procedure predicts that no degree of 2P ioniza-
tion alone can account for the observed increase

in &. %e find, however, that the initial configura-
tions (1s) '(2s) "(2p) yield the following increas-
es for (n,m): 2.1 for (1,3), 2.8 for (1,4), 2.3 for
(2, 2), and 3.4 for (2, 3).

Using Hartree-Fock-Slater wave functions,
Bhalla~' has calculated the fluorescence yields
for all defect configurations in Ne. From his re-
sults we find that our data on x-ray and electron-
energy shifts and fluorescence yields are simul-
taneously consistent only with the configurations
pg = 4 or 5 if n =1 and m = 2 or 3 if n = 2. His cal-
culated increases are then 1.9, 2.7, 2.0, and 2.8,
I espectively.

This comparison assumes that the 5-MeV p ex-
citation results in predominantly single-K-vacan-
cy states. This assumption is supported by the
proton-induced multiple-ionization studies of
Stolterfoht'" (Auger electrons) and of Knudson,
Burkhalter, and Nagel" (x rays). It was found
that multiple ionization decreases as the p ve-
locity increases above the I--shell electron ve-
locity, Cross sections for electron production
in gases by protons up to 2 MeV have also been
studied ln detail by Toburen. '

An accurate calculation of the multiple-defect
spectrum is difficult. The reh, tive intensities
are sensitive to the coupling scheme and exchange
approximation used and to the l elative pI'oductlon
probabilities for the various terms of the initial
configurations. Calculations of the Ne XL -I IL
spectrum have been carried out by Schmidt. " Qf
the 21 resulting transitions, -10 share the bulk
of the intensity, and these lines are spread over
a bI'oad eneI'gy I'ange. Indeed, a IDajoI' conclu-
sion of the present work is that the Auger gI'oups
from highly ionized target atoms can, in some
cases, be observed above the continuous back-
grounds in high-energy heavy-ion collisions.

High degrees of multiple ionization are not
unique to high-energy collisions. Inelastic ener-
gy-loss studies of Kessel, McCaughey, and Ever-
hart" have found that in 200-keV Ne'+ Ne close
collisions can result in charge states of up to
4+. In the present measurements, by looking
at K-shell transitions, we also restrict ourselves
to impact parameters which are small compared
to the L shell.

We have made similar measurements of rela-
tive fluorescence yields for the same projectiles
and energies on Ar. Preliminary results show
that for the oxygen collisions Q~ increases by
about 3(Pq and Rl, increases by about 10s!
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The variation with temperature of the destruction rate of metastable states in He II is
accounted for in terms of their roton-limited diffusion. Bough estimates of the reaction
distance at which collision-induced destruction occurs are consistent with a "bubble"

model for the metastable systems.

Recently Ecto, Stockton, and Fitzsimmons' re-
ported measurements of the destruction rate of
as'„' He molecules produced by 1.60-keV elec-
tron bombardment of He II. The metastable con-
centration M was observed following electron
beam cutoff, and its decay could be accounted
for in terms of a'Z„'-a Z„' encounters, assum-

ing destruction to predominate over diffusion,
such that

dM/dt = —n(T)M'.

The experimental values of n(T) are shown in

Fig. 1. While offering no general interpretation
of its behavior, Ecto, Stockton, and Fitzsim-
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