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The Ge La» and LP, spectra obtained by 'He ion bombardment at 3.0 and 5.0 MeV have major
satellite peaks which correspond in energy with those appearing in photon- or electron-excited spectra.

Many new satellite peaks can be observed in the ion-induced spectra because of enhanced

multiple-vacancy production. An interpretation based on Hartree-Fock-Slater calculations for multiple
31 vacancies gives over-all good agreement for the observed satellite groups for both La, 2 and LP,
spectra; however, multiplet calculations are necessary to identify the various satellite components. The
continous satellite structure produced by ' Ne bombardment on Ge at 3.0, 5.0, and 10.0 MeV shows

strong self-absorption effects. Published absorption data and variable-take-off-angle experiments were

both used to correct for self-absorption. Satellite peaks occur at energies corresponding to multiple

(3d)" plus N-shell vacancies where n has values of 4, 5, and 6. Satellite lines have also been

identified corresponding to production of (2p)' vacancies by neon bombardment.

I. INTRODUCTION

Ion excitation produces intense x-ray satellite
spectra because of the high probability of creating
multiple vacancies. The purpose of this work was
to advance the interpretation of L-series x-ray sat-
ellite spectra taking advantage of the high multiple-
vacancy production with both light- and heavy-ion
bombardment. Spectral measurements of Ge x
rays with helium and neon excitation in the 3-10-
MeV energy range were made with a high-resolu-
tion crystal spectrometer. The configurations and
x-ray energies for the x-ray lines and energy lev-
els pertinent to our study were obtained from Bear-
den' and are listed in Table I.

The x-ray satellite spectra produced by helium
ions have major peaks which correspond in energy
to those found in either photon- or electron-excited
spectra and also contain new satellite lines not
previously seen. The L-series satellite spectra
found with photon or electron excitation have pre-
viously been identified with a 3d vacancy, arising
from L,-L«», M» v Coster-Kronig (CK) transi-
tions, in addition to the 2p vacancy which produces
the parent x-ray lines. Good correlation between
experimental and theoretical Lo., z and LP, satellite
spectra for Z= 37-56 7 and Z= 42 has been achieved
with multiplet calculations using j-j and intermedi-
ate coupling assuming an initial M plus 2p vacancy
corifiguration. Similar calculations have had par-
tial success in predicting the peaks found in the
Ge Lo., 2 and LP, satellite spectra. Hartree-
Fock-Slater (HFS) calculations have previously
been used in correlating aluminum Kn and KP sat-
ellite lines excited by nitrogen ious with multiple
L-shell vacancy configurations. In the present
work, HFS calculations are used to correlate the
helium-excited satellite lines from Ge with multi-
ple M- and N-shell vacancies.

Ion beams from the 5-MV Naval Research Labo-
ratory Van de Graaff were used to excite Ge L x-
ray spectra. The target used was a thick Ge crys-
tal positioned at 45' to the incident-ion beam. X
rays were measured at 90' to the beam using a
computer-contro11. ed flat-crystal Bragg spectrom-
eter with a commercial 0.07'-divergence entrance
collimator, an ammonium dihydrogen phosphate
(ADP) crystal (I spacing=10. 642 A), and a flow-
proportional detector. The P-10 gas-flow detector

TABLE I. Germanium I -series x-ray transitions and

energy levels. '
X-ray line

Atomic level

Lx
Lxx

Lxzz
Mx

~xx
Mxx x

Mxv v

References 1 and 2.

Designation

Lz~M~ v

Lzx~zv

LPGIx

z~xx

Energy (eV)

1188.00

1218.5

1294.1

1286.1

Energy (ev)

1414.3
1247.8
1216.7
180.0
127.9
120.8
28. 7

The Ge L spectra excited by energetic neon ions
are dominated by multiple vacancies and show evi-
dence of self-absorption at the Lxzx edge as was pre-
viously observed in heavy-ion L spectra of transi-
tion elements. ' An L-shell hypersatellite arising
from a double 2p vacancy in the initial configuration
is apparent after correction for self-absorption.

II. EXPERIMENTAI. CONDITIONS
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FIG. 1. Germanium L0,~,2 spectra excited by 3.0- and
5.0-MeV helium ions, along arith 1.38- and 3.4-keV elec-
tron-exci. ted data and multiplet calculations by Blokhin
et al. (Ref. 3). The spectra are normalized to the same
intensity at the I O. g 2 peak.

lites. The helium data were normalized to the in-
tensity and energy of the Lu, e and LP, parent lines
of the electron-excited data. The electron-excited
satellites are identified by conventional nomencla-
ture for L-series x-ray peaks in the atomic-num-
ber range Z ~ 32. Blokhin et al. 3 presented direct
experimental evidence that L-series satellites arise
from excitation of the L, level and subsequent L-
sheQ CK transitions producing M-shell vacancies.
They found that satellites were generated by either
photon or electron excitation with incident energies
above the L, level, such as with Al Eo.', ~, but were
not excited by Mg Kn» photons which are about
150 eV below the Ge L, level. The vertical lines
at the bottom of Figs. 1 and 2 represent the expect-
ed energies and intensities of x-ray satellites cal-
culated by multiplet theory for a Ge ion with a 2P
and a 3d vacancy.

The enhanced satellite intensities obtained for
both the 3- and 5-MeV helium excitation indicate
the presence of additional satellites which are not
found in the electron spectra because of lack of
satellite intensity. In particular, the at' and n'"
satellites appear as maxima of a cluster of satel-
lites in agreement with the multiplet calculations.
There are also clusters of higher-energy stellites
seen for the first time in this Z range. Another
difference between ion and electron excitation was

had a stretched polypropylene window (about 1 p
thick).

III. HELIUM-EXCITED DATA

A. Results

Lie)

LP SATELLITES

The Ge Lo., & spectra obtained with 3.0- and 5.0-
MeV helium-ion excitation are shown in Fig. 1 su-
perimposed on the electron-excited spectra and
multiplet calculations of Blokhin et al. Likewise,
the Ge LP, spectra excited in the same manner are
plotted in Fig. 2. These spectra are relative x-
ray intensities uncorrected for crystal-reflection
efficiency, detector window absorption, 'and sam-
ple self-absorption effects. The crystal response
for ADP is flat within 10% over the limited energy
range used in this work, and the detector window
absorption changes less than a few percent. The
entire Lo,'& 2 satellite structure is below the Ge L„&
absorption edge. The LP, parent line and P, satel-
lites lie between the L»& and L» absorption edges.
Therefore, the entire LP, spectrum is reduced in
intensity because of self-absorption of x rays emit-
ted by the thick target. Because the counting sta-
tistics for He excitation were not sufficient to iden-
tify individual components of these satellites, the
intensities obtained by step scanning were smoothed
with a five-point parabolic function to yield smooth
envelopes for the low-intensity-high-energy satel-
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FIG. 2. Germanium I p» spectra excited by helium
ions superimposed on electron-excited data and multiplet
calculations by Blokhin et al. Qef. 3). The spectra are
normalized to the same intensity at the IP~ peak.
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TABLE II. Comparison of Ge I n~ & and LP~ satellite
energies in eV relative to the parent line.

Present
work, He

Blokhin
electron

Gwinner"
photon

Lucasson'
photon

PI
P

I II

P I I

3.3
5.4
8.5
2.5
3.5
5, 6

'Reference 3.

3.3
5.1
8.1
2.5

3.6
5.4
8.0
2.6
3.8
5.2

"Reference 4.

5.8

3.2

7.5
2.1
3.8
5.1

%eference 5.

A question that arises is whether or not new sat-
ellites appear with ion excitation; that is, do the
same multiple-vacancy configurations occur regard-
less of the method of excitation? The L-series sat-
ellite lines found with photon- or electron-excita-
tion result from ionization of the L& level and sub-
sequent CK transitions. According:o McGuire,
94% of the L, vacancies decay by CK transitions.
Both Lx- L, zhf and L,-Lzr,M CK transitions have
a high probability for exciting 3d vacancies, but
some 3p vacancy production also occurs. Ch the
other ha, d,, the L-series satellite intensity enhance-
ment found with light ion excitation is believed due
to direct simultaneous L- and M-shell ionization,
a situation similar to the simultaneous K- and L-
shell vacancy production observed in aluminum Kn
satellite spectra excited by protons and helium
ions. ' Approximate calculations indicate that the
peaks of the M-shell ionization cross sections
should occur at 0. 2, 0.9, and 1.3 MeV, respec-
tively, for the 3d, 3P, and Bs subshells. Therefore,
the satellite-to-parent intensity ratio is predicted
to decrease with increasing helium energy in the
3- to 5-MeV region. This is in accord with the ex-

a decrease in satellite-to-parent intensity ratios
as the ion energy was increased. The ratio of the
integrated Ln', n"', u" satellite group to the
Lo., 3 parent line intensity was 280% at 3. 0 MeV
and 140'% at 5. 0 MeV compared to a value of 38%
for Blokhin's electron-induced data at 3.4 keV.

The energy spacings between satellite and parent
lines for the three major satellite peaks in the 3-
MeV data were obtained by computer unfolding with
Gaussian peak shapes. ' The experimental resolu-
tion at ha, lf-maximum intensity was 0. 6 eV and the
peak positions for the major satellites which appear
as single peaks were determined to within +0.2 eV.
The energy spacings resulting from helium excita-
tion are compared in Table II with results using
photon or electron excitation. There is reasonable
agreement for the major satellite peak-energy
spacings for the three modes of excitation.

B. Oiscussion

perimental data. Hence, simultaneous ionization
of the L shell and any of the M subshells, including
the 3s, is possible with helium bombardment.

The experimental agreement in energy separa-
tion between major satellite peaks for both electron
and helium excitation, which implies that essential-
ly the same satellites are produced in the two
cases, can be explained by considering various L-
and M-shell transition rates. According to Mc-
Guire's' ' calculations the CK rate for M-shell
vacancies is about six times the rate at which 2p
vacancies are filled. Hence for both electron and
helium excitation, most M-shell vacancies will be
transferred to the 3d subshell before an L x ray
is emitted, resulting in similar structure for the
major satellites with both electron and helium ex-
citation. However, multiple M -shell ionization
occurs more frequently and results in observable
higher-energy satellites with helium excitation.
Also, N-shell vacancies may follow from M-shell
CK transitions with helium excitation, but shifts
due to individual N-shell vacancies are not discern-
ible.

To give further support for the agreement of the
major Ge x-ray satellites with electron and helium
excitation and to aid in the classification of L-series
satellites we have prepared semi-Moseley plots
for both La, z and LP, experimental x-ray satellite
data. Experimental measurements of L-series x-
ray satellites were extensively made in the 1930's
at higher Z, in investigating the CK dependence on
Z, and also at lower Z, starting at Ge, for transi-
tion elements. The square root of the experimen-
tal Lo, z and LP, satellite energies relative to the
parent lines are given in semi-Moseley plots as a
function of Z in Figs. 3 and 4. It is known that
nearly linear relations exist for L-series x-ray
satellites in the Z range 3V-55 in semi-Moseley
plots. It was desirable to determine how Ge satel-
lite spacings agree with those in x-ray spectra for
both higher- and lower-Z elements. The Lnj sat-
ellite separations of Richtmyer and Richtmyer"
and those of Randall and Parratt' were found to be
nearly in agreement, and therefore, average values
for these data were plotted in Fig. 3 for Ln satel-
lites. The data. of Moore'~ for Z= 36 are also
shown. The data for higher atomic numbers were
smoothly extrapolated to meet the Ge data mea-
sured by both photon and ion excitation. The extrap-
olations were made by assuming correspondence
in intensity between the Ge satellites and those of
higher Z. The more-intense satellites at higher
Z are ~4, e„and ne,. The satellite n3 decreases
in intensity as Z decreases and, following Pin-
cherle, ~ e3 may be taken as a composite of several
Lma satellites which may then combine with 4 as
the separation of Ln& and Ln& diminishes at lower
Z. However, the extrapolation of satellite ener-
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FIG. 3. Semi-Moseley plot of Lot~ 2 satellites together
with the energy spacings for the 3.0-MeV helium-excited
data.

gies and intensities may not be valid, because j-j
coupling applies in the higher-Z region and inter-
mediate coupling applies in the region which in-
cludes Ge. This suggests the need for further the-
oretical and experimental work in this region. Be-
low Z =29, we note considerable crossing of satel-
lite energy spacings for elements containing unfilled
3d levels. In Fig. 4, the two most-intense LP, sat-
ellites found at higher Z extrapolate nearly exactly
to the values for Ge LP' and LP", and join well with
satellite separations for Z =30.

It is valuable to associate the Ge L-satellite spac-
ings with those for higher-Z elements because of
the success in identification of x-ray satellites with
multiplet components calculated for higher-Z ele-
ments. The satellite structure of Ln& 2 for Au was
calculated by Richtmyer and Ramberg'8 in the j-j
coupling approximation for the transition (2ps~q)
(3d)- (3d)~. The multiplet structure consists of 29
levels. Similarly Pincherle~ has calculated L-se-
ries x-ray satellites spacings and transition prob-
abilities for Lu and LP satellites with atomic-num-
ber range Z =37-56. For these calculations, an
additional vacancy in the M» or M~ shell —i.e. ,
the 3d shell —is assumed because of the identifica-
tion of L-series satellites with the Coster-Kronig
effect. The calculations predict the correct over-
all satellite structure for relative c;nergy spacings
and transition probabilities, but the calculations
yield too large satellite-to-parent energy spacings.

More recently, Demekhin has successfully ex-
plained the Ln, z and LP, satellite spectra for Mo
(2 = 42) using multiplet calculations for energy spac-
ings and transition probabilities in intermediate
coupling. In the Ge calculations of Blokhin, 3 mul-
tiplet calculations rather successfully predict the
n' and a'" cluster but the strong u" satellite is
not predicted as well by the multiplet calculations
(see Fig. 1). The most-intense line calculated for
the LP, satellites does not agree with the P' satel-
lite but the other lines calculated by the multiplet
theory agree reasonably well with the electron-
and helium-excited spectra (see Fig. 2).

In previous work involving Al K x-ray spectra
excited by nitrogen ions, 9 we obtained good agree-
ment for the energy spacings of the Kn and P satel-
lites with calculations for E- plus L-shell vacan-
cies. The energy spacings were calculated as dif-
ferences in the total binding energies for the initial
and final atomic configurations using the HFS wave
functions calculated by the Herman-Skillman pro-
gram. ' The calculated energy spacings for the
K-series satellites agreed well with the centroid
of the satellite group composed of multiplet struc-
ture. Similarly, the L-series satellites for Ge
could be calculated for various configurations LM"
where n is the number of missing 3p or 3d elec-
trons. The first satellite energy spacing for a 3d
vacancy is 4.0 ev which lies between e' and n"'.
In the Herman-Skillman program, no provision is
made for different j values and therefore the same
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FIG. 4. Semi-Moseley plot of Lpq satellites and
3.0-Me V helium-excited data.
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TABLE III. Energy spacings in eV for various vacancy
states in germanium calculated using HFS wave functions.

Vacancy state
for I~, 2 satellite

(4s)' (4p)
(3d)'
(3p)'
(3d) +empty N shell
(3d)
(3d) +empty N shell
(3d)
(3d) +empty N shell
(3d)'
(3d)'
(3d)'
(2p)'
(2p)'

Energy spacing
from In f 2 parent (eV)

1.3
4.0
4.5
5.7
8.4

10.8
13.4
16.8
19.0
25.4
33.0
49.5
99.2

hin. The HFS calculations approximately predict
the centroid of these satellites as indicated in Fig.
6.

IV. NEON-EXCITED DATA

A. Results

The Ge L x-ray spectra excited by 3-, 5-, and
10-MeV neon ions at 45 incident beam angle are
shown in Fig. 7. The neon-excited Ge L spectrum
is dominated by x rays from multiple-vacancy con-
figurations. The satellite intensity increases rap-
idly with a shoulder at 1210 eV and an abrupt inten-
sity decrease at the L», absorption edge at 1217
eV. There is also an intensity bump at 1236 eV in
each spectrum which could possibly be introduced

by self-absorption. A broad higher-energy satel-
lite peak occurs at 1320, 1335, and 1350 eV in the
3-, 5-, and 10-MeV data, respectively. Data
were also collected at 30' and 60' incident angles
to vary the amount of absorption of the emitted x
rays for 3-MeV excitation. The peaks at 1236
and 1335 eV were present in all the spectra. The
1236-eV bump was more distinct at the lower inci-
dent angle indicating a real satellite peak whose in-
tensity is strongly affected by self-absorption. The
5-MeV neon-excited Ge spectrum is replotted as
the short-dashed curve in Fig. 8 together with a
5.0-MeV proton-excited Ge spectrum. The proton-
produced spectrum is dominated by a single L-shell
vacancy as in either electron- or photon-excited
spectra. Also plotted in this figure are spectra
corrected for self-absorption, which will be dis-
cussed later. To aid in the determination of the
origin of the L spectra obtained with neon bombard-
ment, we looked for K x rays by rotating the Ge
target 90 and measuring the x-ray spectrum di-
rectly with a Si(Li) semiconductor detector. No
evidence of K x rays was found in the 3.0-MeV ne-
on-excited Ge spectra. Therefore, if the higher-
energy peaks result from multiple L-shell vacan-
cies, their origin is not KLL Auger emission as
has been found in Ag L spectra, ~2' ~ but rather mul-
tiple L-shell excitation by the incident neon ion.

B. Discussion

The neon-excited spectra are essentially differ-
ent from the helium-excited spectra because of the
large number of M- and N-shell vacancies formed
by the high-energy-heavy-ion collision. The satel-
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FIG. 7. Neon-excited Ge L spectra
for 3-, 5-, and 10-MeV ion bombard-
ment. The spectra are normalized to
the same intensity at the Ln~ 2 line.
One unit of relative intensity corresponds
to approximately 10, 22, and 78 counts/
6.25 && 10 incident particles at 3, 5,
and 10 MeV, respectively.
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FIG. 8. 5.0-MeV proton- and neon-excited Ge L spec-
tra. The long-dashed curve is for intensities corrected
for self-absorption by using published L-absorption jump
ratios, while the dotted curve was obtained applying self-
absorption corrections from data collected at different
target angles. One unit of relative intensity corresponds
to 38 and 22 counts/6. 25 x 10 incident particles, respec-
tively, for the proton- and neon-excited spectra.

lite structure extends over a broad energy range
which includes the three L-shell absorption edges,
and we find evidence of strong self-absorption at
the L»& edge. In attempting to correct for self-
absorption, large inconsistencies were found in
published absorption coefficients. There is agree-
ment within 20% for the absorption coefficients be-
low the L»& edge and above the L, edge, but poor
agreement in the critical region between edges.
For example, the value for the L», jump ratio was
measured as 1.5 for Ge by Blokhin3 while the value
for Ge obtained by extrapolation in the absorption-
coefficient tables was 5.6. Bonnelle obtained 3.0
and 1.4 for the L»& and L» jump ratios of Cu. Val-
ues of 3. 15 and 1.4 were used for Ge L»& and I »
jump ratios together with the Ge absorption curve
measured by Lucasson-Lemasson. ~6 This curve
was obtained by transmission measurements through
a Ge foil. The transmission increased monotoni-
cally between the L», and L» absorption edges.
Therefore self-absorption does not introduce the
satellite bump at 1236 eV.

The average effective depth for x-ray production
for 5-MeV neon ions in Ge was calculated to be
0.45 p between the L,zz and L» edges and 0.40 p
between the L» and L, edges. The self-absorption
corrected intensities were normalized to the peak-
intensity value just below the L», edge and plotted
as the long-dashed curve in Fig. 8. The L», jump
ratio appears to have been a reasonable choice as
the abrupt intensity change has been removed at

the L», edge.
A second method of performing absorption cor-

rections was also used. In this method two mea-
surements of the Ge L spectrum were made, one
with the normal to the target surface at 30' to the
incident beam and the other with the normal at 60 .
The ratio of the intensity at a given spectrometer
position in the 30' run to the intensity at the same
position in the 60' run was calculated to produce a
curve of intensity ratio as a function of spectrom-
eter position or x-ray energy. This curve was
found to be similar to the absorption curve obtained
by Lucasson-Lemasson~ for amorphous Ge. These
datawere obtained at 3 MeV due to the inability of the
accelerator to reach 5 MeV at that time. Calcula-
tions of x-ray yields were performed for varying
incident and take-off angles, including x-ray ab-
sorption in the target and assuming the x-ray-pro-
duction cross section and the range of the ion de-
pended on the ion energy through some power of
the ion energy. The data of Northcliffe and Shil-
ling were used to determine the exponent for the
dependence of the ion range on energy, and various
exponents suggested by the present data were used
for the dependence of the x-ray-production cross
section on ion energy. These calculations were
used to derive an empirical relationship between
the 30' to 60' ratio at 3 MeV and the absorption
correction for 45' incidence at 5 MeV. It was
found that this relationship was relatively insensi-
tive to large changes in the exponent assumed for
the power-law dependence of the x-ray-production
cross section. This gave some confidence that the
accuracy of the correction to the 5-MeV data was
not dependent on the accuracy of our assumptions
about the depth distribution of the x-ray production.
The resulting correction to the 5-MeV data is shown
as the dotted curve in Fig. 8.

It can be seen that both self-absorption correc-
tion methods yield the same spectral features. The
shoulder observed at about 1210 eV is identified as
multiple Lo;, z satellites with a most-probable hole
configuration of (2p) (3d)4 plus a number of N-shell
vacancies. The peaks on both sides of the L&„edge
at 1216 and 1224 eV are also believed to be Lo., ~

satellites with (3d)' and (3d)6 vacancies plus N-shell
vacancies being suggested by HFS calculations.
The peak at 1236 eV is too strong to be a satellite
of I.P, and agrees within 4% with the calculated en-
ergy separation for an Ln, 2 hypersatellite due to
two 2p vacancies in the initial state. This is in
contrast to the O

' data of Der et a/. for Ni, Cu,
and Zn L series which had intense peaks about 100
eV from the parent lines and were identified with
(2p)3 plus numerous M-shell holes.

The peak at about 1335 eV is broad and probably
corresponds to satellites of the I.P4 and I.P~ lines
with (2P) and (3d)" vacancies. The shift toward
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higher energy of the LP4 and LPs satellites in the
vicinity of 1335 eV is believed to be due to the in-
crease in (2p)s vacancy production as the beam en-
ergy is increased. As the incident neon energy is
increased, the satellite intensity between the Le, 2
line and the L», absorption edge becomes smaller
relative to the La, ~ line, indicating less M-shell
ionization. A rough estimate indicates that the 3s,
3p, and 3d ionization cross sections should peak at
approximately 6.5, 4.5, and 1.0 MeV, respectively,
which is in general agreement with the present data.

V. CONCLUSIONS

The enhanced satellite intensity with He excita-
tion and the agreement in the major satellite peaks
with photon and electron data suggest that a parti-
cle accelerator could advantageously be used to in-
crease our knowledge of L-series x-ray satellites,
particularly in those regions of the semi-Moseley
plots where data are sparse. Higher-resolution
measurements may also be of use in completing
the empirical systematics and comparing experi-

ment with theory; however, the present measure-
ments approach the resolution limit set by the 2p-
vacancy lifetime.

L-series x-ray satellite spectra cannot be inter-
preted by HFS calculations alone because of over-
lapping multiplet structure. However, thorough
tests of multiplet calculations using intermediate
coupling for the 30 & Z & 40 region must await more
extensive experimental measurements. Calcula-
tions of multiplet structure and Coster-Kronig
transition rates for multiple-vacancy states are
also desirable.

A nearly continuous and complex L-series satel-
lite spectrum, complicated by self-absorption, is
produced by energetic heavy ions, such as Ne ions,
in the 3- to 10-MeV range. The two absorption-
correction approaches gave spectra which disagreed
significantly in over-all intensity although they ex-
hibit the same peak structure. It appears that self-
absorption in heavy-ion excited x-ray spectra will
be a significant nuisance in studies of high-energy
collisions using solid targets.
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