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Auger-electron spectra have been measured following excitation of 100-500-keV phos-
phorus ions by thin carbon foils. The spectra are rich in structure mostly due to Auger-
satellite transitions. The composition of the Auger spectrum is interpreted with the aid
of nonrelativistic Hartree-Fock calculations. In the low-energy portion, several lines
could be identified. Based on calculated energies for groups of Auger transitions, the
high-energy part can also be interpreted. We observe a general increase of the high-
energy feature—distinct peaks as well as the gross structure—with decreasing projectile
velocity. Two processes may be responsible for this variation: the enhanced production
of double L vacancies and the increased capture of target electrons into excited levels of

the projectile ions.

I. INTRODUCTION

Recently, the Auger yield of phosphorus ions
following foil excitation has been found to be
unexpectedly high.! These findings gave some
hope to use phosphorus or similar elements as an
active medium for the development of an x-ray
laser.? For a complete understanding of the
mechanism responsible for the high vacancy pro-
duction rate, it is necessary to study this collision
system in more detail. Hence, we try to give spec-
troscopic assignments of lines and examine the in-
tensities yielding information on the excitation pro-
cess and the decay probabilities.

Early studies of Auger-electron spectra were
concerned with rare gases.> In those cases relative-
ly simple spectra were observed following excita-
tion by fast electrons. Light projectiles produce
mainly singly ionized target ions and the resulting
configurations for the initial states of the Auger
decays are simple in the sense that they consist
mostly of only up to two incomplete shells with
few vacancies. The angular-momentum coupling
of the electrons in these shells leads to only few in-
itial terms and correspondingly only few allowed
transitions are observed.

Only several years ago, the more complicated
spectra of elements with incomplete outer shells
have been studied.* The number of possible Auger
transitions for these elements is very large because
the angular-momentum coupling for the electrons
in the depleted shells leads to a multitude of terms.
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A maximum of possible terms is achieved for ele-
ments with half-filled outer shells such as phos-
phorus. However, when using foil excitation, we
hope to eject many of these outer-shell electrons in
parallel to the production of a vacancy in an inner
shell. This should lead again to relatively simple
spectra due to the above arguments concerning the
number of possible terms. On the other hand, the
foil-excitation mechanism is a very complex pro-
cess and introduces new disturbances by multiple
ionization of the inner-shell and additional excita-
tion of outer-shell electrons. Also charge-exchange
processes are expected to play an important role.

The first measurements of phosphorus Auger-
electron spectra were reported in connection with
energy-loss studies in the collision system P*-Ar.’
In those measurements, multiple L-shell excitation
of various lower-Z projectiles impinging on argon
was observed. A spectroscopic examination of
phosphorus Auger data was presented five years
later.’ In that work also, spectra of neighboring
elements were presented and examined in parallel.
Several features, especially in the low-energy por-
tions of the spectra were identified using semiem-
pirical energies. It was observed that the lines in
the low-energy structure are due to second transi-
tions in an Auger cascade following double-
vacancy production in an inner shell.

Phosphorus target spectra have been measured in
the collision systems 60-keV Ar* on GaP and
InP.” However, due to binding- and solid-state ef-
fects the diagram lines were shifted and the resolu-
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tion was poor. In comparison with our calcula-
tions the observed transitions L,;M? and

L ;M M,; were too low by about 19 and 16 eV,
respectively. This is beyond the error of our
Hartree-Fock results and reflects the influence of
neighboring atoms on the outer-shell electrons.

As a large part of this work is concerned with a
presentation of calculated transition energies for
Auger decays of very different types, we review in
Sec. II a classification and present the appropriate
spectroscopic notations. The third part will then
be dedicated to the spectroscopic analysis. In Sec.
IV we analyze the intensity variation of the spectra
at impact energies of 100—500 keV. In Sec. V,
conclusions are drawn and an outline for future
developments is given. The experimental setup and
method were presented in an earlier paper.® In the
present work very small observation angles (~9°)
were used in order to minimize kinematic line
broadening.

II. TYPES OF AUGER TRANSITIONS

A comprehensive classification of Auger decays
has been given some years ago.” Mainly six types
(A —F) of Auger transitions are distinguished.
Type A involves all normal Auger transitions fol-
lowing the production of a single inner-shell vacan-
cy. A typical normal Auger decay of a 2p vacancy
will be described either in the form L,; —M3; or
2p°—3s%3p (in the case of phosphorus). Starting
with type B, the following transitions are called
satellites: B satellites arise from inner-shell excita-
tion, where for subgroup B, the excited electron is
not involved in the decay and for Byg it is involved.
The relevant notations are, e.g., 2p>3s%3p4s
—2p%3s23p4s for B, lines and 2p>3s23p34s
—2p®3s23p? for By lines. The initial state for C
satellites is produced by ionization of the inner-
shell electron and monopole excitation (i.e., excita-
tion to the same angular-momentum quantum
number) of an electron from an outer shell. Lines
of type D evolve from initial states with two va-
cancies, one inner-shell and one outer-shell vacan-
cy. This type of transition is the most common
type of satellites following ionization by light par-
ticles, and is described as either L,sM; —MiM,;,
or 2p°3s3p® —2p©3s°3p2. Satellites with many
outer-shell vacancies which play an important role
in our spectra fall beyond the classifications of
Ref. 9 and are summarized as type-X transitions.
For completeness, types E and F are rarely ob-
served and correspond to initial states with more

than two excited electrons and double Auger tran-
sitions, respectively.

ITII. SPECTROSCOPIC ANALYSIS

In this part we analyze the phosphorus Auger
structure on the basis of calculated transition ener-
gies using a nonrelativistic Hartree-Fock pro-
gram.!® The term energies were calculated using
the proper coefficients for Slater integrals obtained
by means of an angular-momentum coupling pro-
gram.!! The spin-orbit splitting was calculated for
a typical case (Fig. 2) using a standard computer
code,!? and was found to be of minor importance
here.

In the beginning, we give a rough overview over
the shape of the spectrum and dominating line
groups. Figure 1 shows a typical Auger spectrum
of the phosphorus projectile following passage
through a carbon foil of 10 g/cm? thickness. The
spectrum was measured at an impact energy of 500
keV and was corrected for the Doppler shift.
Hence, the energy scale refers to the projectile’s
rest frame. The linewidths observed in this spec-
trum still reflect the influence of kinematical ef-
fects. Natural linewidths may be smaller by ap-
proximately one order of magnitude. The spec-
trum displayed here was obtained after subtraction
of a background intensity of electrons with con-
tinuous energy distribution. The subtraction was
performed using a second-order polynomial fit to
the background on both sides of the Auger struc-
ture to represent the continuous energy distribu-
tion.!?

Calculated average transition energies for Auger
decays of the type LM — LY "M +2(k =1,2,3
and i =0,1,2,3) are indicated above the spectrum.
Figure 1 shows that the low-energy portion of the
spectrum should be due to satellite transitions of
the kind L,3;M>—M? with a high degree of outer-
shell ionization. For the high-energy part, we have
to assume transitions due to low outer-, but high
inner-shell ionization as for example L3; —L,3:M>.
Still higher degrees of inner-shell ionization should
be less probable. However, the spectrum extends
to rather high energies. If in the initial state of an
Auger transition one of the outer electrons is raised
by shake-up to some higher orbital, e.g., from 3s to
5s, or an electron is captured into a high orbital
following the inner-shell ionization, the transition
energy of the decay with the excited electron being
involved in the decay (groups Bg, Cpg, etc.) is
higher than the energy of the decay of the state



25 AUGER SPECTRA EXCITED IN COLLISIONS OF FAST . .. 923

32 2
L - LM
LM - L3 M?

L33 M2 - LEy M¢ L
L33M3- L5 M° L !

LE, - Ly M2 n

ZA.

LMLy M*™ |

LI M2- Ly Mt L

LM LsM® L 1

LyM-M3 L1

Ly3 MI-M“* L1 Ll

LyM-M* L | L

Cross Section (Arb.Units)
w
T

1 /"j.\ 1 1 1

500 keV P*on C Foil

l 1 1

1 1 1 1

50 60 70 80 90 100
Transition Energy

10 120 130 140 150
(ev)

160 170

FIG. 1. Typical Auger spectrum of phosphorus projectiles at 500-keV impact energy after foil excitation. A con-
tinuous background has been subtracted and the kinematic energy shift was eliminated. Calculated average transition
energies for normal Auger transitions L,;—M? and satellite transitions LEMI— L% 'Mi+2 (k=1-3, i =0—3) are in-
dicated. The upper limit for transitions with one electron excited to a higher level is shown.

with the electron in its usual orbital. All these
transition energies have an upper limit where the
orbital quantum number of the excited electron ap-
proaches infinity, e.g., 2p33s 3p*nl—2p*3s 3p
(nl— o), indicated as series limits in Fig. 1. A
second limit results from similar transitions with
two electrons being excited to higher orbitals and
taking part in the Auger decay, e.g., 2p33p2nl?
2p*3p? (nl— ) (group E). These limits were not
indicated in Fig. 1 as the intensity already drops at
the first limits. In general, the Auger processes in-
volving excited electrons should be rather rare as
the competing optical decays are often allowed and
have a larger probability. Only when the decay is
optically forbidden, an intense Auger line will re-
sult. The fact that mainly the few optically forbid-
den transitions will lead to Auger intensity may be
responsible for the distinct structure of the spec-
trum which remains observable in spite of an in-
creasing density of possible transitions toward the
series limits.!*

In this work, we are mainly interested in transi-
tion energies for the Auger decays of initial states
LysM', L3;,M", and L3;M' with mostly large
outer-shell ionization. A method to obtain sem-
iempirical energy estimates for some of these cases
has been presented recently.® This method works as
shown in the following example: the two 3p-
electrons in 1522522p>3p? of P** with nine elec-
trons in the core roughly feel the field of the
screened nucleus of Zg=15—9=6. The same
screened charge is experienced by two 3p-electrons
in 1522522p°®3p? of S*+. Hence, we expect for the
terms resulting from 3p? (i.e., 'S, 'D, P) in both
cases a similar splitting, and a similar energy off-
set from the mutual “ground states” (i.e., ground
states with respect to the outer-shell configuration)
15225 22p°3s? and 15%2522p®3s2. This offers the op-
portunity to derive semiempirical term energies in
calculating average energies of these ground states
with a Hartree-Fock program,'® and adding the ex-
perimental energy offset and term splitting meas-
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ured for the analogous configuration in S**, which
can be taken from tables.'*

For two reasons, this method is not as powerful
as it seems. First, not the term splittings are diffi-
cult to calculate, but the absolute values of the
average energies. Second, the neglect of the in-
teraction of an unfilled 2p shell with the 3p elec-
trons may cause a large perturbation of the terms.
A comparison of semiempirical and calculated data
is shown in Table I for terms of P** to P®*. The
two values are very close for P** with only one 2p
vacancy. However, for high inner-shell ionization,
as, e.g., P°* with three 2p holes, the semiempirical
data exceed our calculated relative energies by al-
most 60%. The typical error of Hartree-Fock cal-
culations is much lower than this derivation and
shows the opposite tendency, i.e., the calculated re-
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lative energies are always an upper bound. From
this we conclude that the semiempirical method
produces poor results in the case of a high degree
of inner-shell ionization. It is also seen in Table I
that the coupling of the incomplete 2p-shell with
the nonclosed outer shell does not only shift term
energies but leads to an additional splitting with a
multitude of terms spread over several eV. This
splitting also becomes more important for states
with large inner-shell ionization. In addition, sem-
iempirical energies are only available for a few op-
tically accessible states.

Hartree-Fock calculations for states with inner-
shell vacancies are very critical with respect to
convergence when states are considered for which a
rotation of the orbitals may lead to a configuration
with lower energy.!®> Such a rotation may turn a

TABLE 1. Comparison of semiempirical and calculated energies for terms of P*+ to P®*.
Calculated term energies have been averaged statistically to allow for comparison with exper-

imental data.

Calculated Semiempirical®
Relative energies (eV) Equivalent
Term Term Average Average Term ion
2p33s22p® 0.0 0.0 0.0 2p%3s?!S S+
2p33s3p *P(%S) 6.1 8.3 10.4 2p®3s3p 3P
‘D 7.6
‘p 8.6
D 9.0
P 9.3
s 11.2
2p°3s3p P* 15.2 15.8 15.4 2p®3s3p P
18.1
2p33p?3P° 19.7 212 245 2p%3p23P
24.9
2p*3s2° 32 0.0 0.0 2p63s? cr+
12.7
2p*3s3p 10.2 13.8 2p%3s3p
2p*3p? 23.6 29.3 2p%3s3p
2p33s24s® —9.8 0.0 0.0 2p3s? Artt
D 0.0
p 6.6
2p33s3p 10.4 16.0 2p®3s3p
2p33p? 24.1 33.7 2p®3p?

*Term splittings from Ref. 15, average energies calculated.

Average energy normalized to be 0.0 eV.

“Not all possible final terms are given, but the energies of the lowest and highest terms are

indicated.
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term 2p ~'3p ~!1S into 3p ~2!S with considerably
lower energy. These effects can be avoided in per-
forming the HF calculations for those terms that
are real ground states considering not only the con-
figuration, but also the angular coupling. The
Slater integrals from these calculations may be
used to derive the other terms that are not true
ground states. The best method would be to calcu-
late first a statistical average of all term energies
that are ground states in the above sense,'® but it
has been found that the former method is suffi-
cient for the present work. The discrepancies of
the two methods are beyond our limit of observa-
tion. We expect that the term energies calculated
in this way are correct to within 1 eV.

In order to test the importance of the spin-orbit
interaction, the spin-orbit matrix together with the
electrostatic contributions has been diagonalized
for one case. The results (lower row in Fig. 2)
show that the spin-orbit splitting is comparatively
small. It is largest for the terms *P(*P) with 0.8
eV, *P(*D) with 0.6 eV, and *P(*D) with 0.5 eV.
The splitting is just at the limit of observation in
our spectra and will not be calculated for the other
configurations. In Fig. 2 we have indicated all al-
lowed Auger transitions with full lines and forbid-
den transitions with broken lines. This shows that
often more than 50% of the transitions are forbid-
den in pure LS coupling. We expect, however,
especially with an increasing number of inner-shell
vacancies, an influence of spin-orbit mixing which
pulls intensity also toward transitions forbidden in
LS coupling. This may actually be an explanation
for the general shape of the Auger spectra. They
are simple on the low-energy part—nearly line

spectra—where spin-orbit interaction is low as few
inner-shell holes are present. With increasing ener-
gy we approach regions where lines from states
with many inner-shell holes prevail. They are
numerous due to spin-orbit mixing and lead to a
quasicontinuous structure.

Figure 3 shows the low-energy portion of the
Auger spectrum together with calculated Auger-
transition energies. Transitions forbidden in LS
coupling are indicated by broken lines. The assign-
ments are given in Table II. Considering the fact
that in Ref. 6 the splitting of terms introduced by
the 2p vacancy is neglected, we agree mainly with
the assignments indicated there (see lines, 2, 4, 7,
10, and 11). For line 2 we would also expect a cer-
tain contribution from L3;M3; —L3;M2M3; transi-
tions. This contribution should be important in
case that line 1 is due to a L33M33 —L3M3M3,
decay as discussed later. Considering line 4, we as-
sume that it consists of a blend of lines of the type
2p33s3p3P(3+1L)—2p®!S. The same fact is ex-
pressed in Ref. 6 by neglecting the splitting into
terms in the notation 2p°3s3p3P —2p%!S. As
there is an isolated transition 2p°>3s 3p>P
(%S, ,,)—2p®'S near line 6, we can give a clear as-
signment here. Line 7 can be assigned to two tran-
sitions 2p53s 3p1P(2D1/2,5/2)—2p6( 1S). In Ref. 6
the initial terms are not fully specified; only the in-
termediate 'P coupling is given. In the case of line
9 we give an assignment deviating from Ref. 6.
Our calculations indicate that this still belongs to
the group of 2p>3s3p —2p® decays. Our assign-
ment of line 10 is again more specific than Ref. 6
and refers to the transition 2p° (3p2'D)
(*F)—2p®'S—allowed in LS coupling.

1s22s22p° (3s3p '3P) 24S,PD - 1s22s22p6 'S

parent term (3P)

parent term 'P ---forbidden Auger transition

ZSHL: & LD LPZDZP

1T 1
Zs 20 ZS2P
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LS -coupling,no el.stat. interaction

S
! ! :!; e !‘ !\ between terms of same symmetry
7z ' N,
R H IO AN
I :I: | I I H LS -coupling, el.stat.int. included
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J= 33337 2 2727 2
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FIG. 2. Calculated transition energies for Auger transitions of terms 1s22522p°(3s3p'3P)>%S,P,D —1522522p°'S.
Starting with LS-coupling data for single terms, first the electrostatic interaction between states with the same L and S

and finally also the spin-orbit splitting is included.
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FIG. 3. P-Auger spectrum following 500-keV P+ impact on Cy,. Energies are calculated in LS coupling. Allowed
lines (full bar) and forbidden lines (broken bar) are distinguished; * marks most important groups.

Line 11 is broad and should be due to three
transitions allowed in LS coupling:
2p33p23P,'D,'S(?P)—2p®!S. So, our calculations
allow for a slightly more precise determination of
the terms in the decays considered.

In Fig. 3 no allowed transition of the type
LyyM —L537'M*+2(i =1,2) could be proposed for
which is not very intense but is present in all our
spectra. Our first suggestion is that it belongs to
transitions forbidden in LS coupling of the type
2p33s*—2p* with the initial terms (D) and (*S)
and the final terms ('S) and (D), respectively.
This assignment, however, is still very questionable
as we should then expect to observe strong lines at
the calculated positions for the allowed transitions
of the same group. This is not the case unless we
shift the whole group down in energy by 3 eV until
the transitions (?P)—('S) and (*S)—(*P) match
with line 2. This shift may be realistic although
the excitation of a triply ionized inner shell seems
very unlikely.

Other candidates for line 1 are Coster-Kronig
transitions involving highly excited electrons. Usu-
ally, Coster-Kronig transitions are found at very
low energies compared with the normal Auger
transitions of the same shell. If at least one of the
electrons participating in the Coster-Kronig decay

is already highly excited in the initial state, it has
to overcome only a very weak binding. Hence, the
transition energy of these decays may be consider-
ably higher than the energies of normal Coster-
Kronig transitions. Table III shows calculated en-
ergies for these two types of transitions. The ener-
gy of the transition 1s22s2p©3s23p33d
—15%25%2p33s23p3 is only 2 eV lower than line 1;

so it may be a candidate. Otherwise we know that
Coster-Kronig transitions are always much faster
than the corresponding Auger transitions. This
leads to rather large linewidths. In our case, the
observed linewidths are influenced by the kinemat-
ic broadening, and statements on the natural
widths are not very accurate. It seems, however,
that line 1 has only a small width ( <10 meV).
The information available from this line does not
yet suffice to draw a decisive conclusion.

The main intensity (e.g., for 500-keV impact en-
ergy) is found in the intermediate region between
90 and 110 eV (see Fig. 1), where we expect also
the normal 2{J-Auger decays. In analogy with oth-
er spectra®® 16 the strongest transitions will be
of the type L, ;—M?3;. The other groups
Ly3—M M3 and L, 3 — M3 will be of lower inten-
sity. For the L, ;—M 2, transitions the complete
term splitting has been calculated (Table III) and
the results are shown in Fig. 3. It is seen that the
majority of our calculated transition energies fits
into a broad structure in the spectrum (lines
16—18). Eventually also lines 15 and 19 belong to
this group.

According to Fig. 1 the high-energy portion of
the spectrum is mainly due to two types of transi-
tions: first, Auger decays of states with two va-
cancies in the 2p shell and few vacancies in the
outer shell; second, decays of states with one or
two inner-shell vacancies and an outer-shell elec-
tron being excited to higher orbitals. The latter
states may be produced by excitation of the inner-
shell electron or by capture of an electron follow-
ing the inner-shell ionization. These transitions of
types B, and Bg should lead to intensity near 117
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TABLE II. Proposed assignments of lines 1 — 11 based on calculated energies.

Degree of
Line Transition 2p ionization Ref. 6
1 2p33s22D —2p*'S 34+
+2p33s24s —2p*'D 3+
and/or terms of
252p®3s23p33d —25%2p535%3p°? 0
2 2p®3st2p_2ptls 1+ same
+2p33s22P —2p*1S 3+
+2p33s24s —2p*3P 34+
4 Terms of 2p33s3p°P(3S+L)—2p°'s
+2p*3s2'D —2p3%P 2+ 2p33s3p3P —2pt'S
5  2p33s3p3P(®D,,,)—2p®'S and/or similar terms 1+
+2p33s22D —2p*(°D)
+2p33s22P —2p*('D)
6 2p°3s3p3P(3S,,,)—2p°'S 1+
7 2p°3s3p'P(’Dy55,,)—20°'S 1+ 2p33s3p'P —2p8'S
8 2p*3s3ls —2p32pP 2+
9  2p33s3p'P(35)—2p°'S 1+ 2p33p22P —2p°'s
10 2p°3p?'D(’F)—2p°'s 1+ 2p°3p2'D —2p8is
11 2p33p%3P,'D,'s (*P)—2p°'S 1+ 2p33p21S —2p8ls

and 127 eV, respectively.

For completeness, the possibility of 2s-Auger de-
cays should be mentioned. The transition energies
are in most cases considerably larger than the spec-
trum displayed in Fig. 2. In our experiment we

did not find any discrete structure near the calcu-
lated energies. We conclude that also the lowest
transitions of this type between 90 and 130 eV will
not contribute considerably to the observed struc-
ture and can be neglected.

TABLE III. Calculated transition energies for Coster-Kronig decays involving excited
electrons and outer-shell vacancies.

Transition

Calculated
energy (eV)

15725 2p®3s23p33d — 15225 22p 35 23p*
15225 2p®3s23p 45 — 15225 22p33523p3
15225 2p®3s23p*4p — 15225 22p>3523p?
152252p%3s23p®  —15225%2p33523p2
1s2252p®3s23p®  —1522522p33s3p°
15225 2p®3s23p2  —1s%2s2sp®3s23p
1s2252p®3s23p2  —15%25%2p°3s 3p?
1s2252p®3s23p  —1522522p°3s2
15s2252p%3s23p  —15225%2p°3s3p
15225 2p©3s2 —15%25%2p°3s
1s2252p°3s —15s25%2p°

56.74
55.28
56.18
35.25
24.45
25.82
15.54
13.07

3.44

energetically
forbidden
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IV. INTENSITY CONSIDERATIONS

As mentioned in the beginning, attention has
been drawn to the present collision system from
observations of very high Auger yields for the P+
projectile' following foil excitation. In contrast to
excitation by gases at low pressure, the projectile
traversing a foil suffers many collisions mostly at a
very rapid succession. This may lead to multiply
excited states. The Auger electrons measured here
originate to a large part from outside the foil.*
Thus, they yield information on the state of the
projectile reached after many succeeding collisions
involving many excitation and deexcitation pro-
cesses.

In the above-mentioned study' it has been ob-
served that the Auger yield is nearly constant from
100- to 500-keV impact energy. Based on those
measurements of absolute Auger yields, we could
normalize our spectra and present relative cross
sections (Fig. 4). In comparing these spectra, we
have to keep in mind that the structures are
broadened by kinematical effects, especially for
lower impact energies.

Before discussing the impact-energy dependence
of our spectra, we compare the 500-keV data with
an earlier experiment® using 50-keV impact energy
and an Ar gas target. The two spectra are very
similar besides of a little more intensity at high
electron energies in our case. The gas-excited spec-
trum has been explained® to be due mainly to cas-
cading transitions L2 —LM?—M*. The corre-
sponding transition energies lie in the ranges
100—140 eV (L*—LM?) and 60— 100 eV
(LM?—M?*). The intensities of the two spectral
regions were found to be equal in intensity, thus
supporting the cascade hypothesis. In the low-
energy portion (60— 100 eV) we also expect a con-
tribution from single inner-shell ionization, which
has been found to be comparatively small for exci-

P*on C Foil 2 gy Pton C Foil
r I

16
4 I s00kev
.‘/(ngh Resolution)

I

- 100keV
i ( x15)

Cross Section (Arb Units)
~

20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Electron Energy (keV)

FIG. 4. Phosphorus-projectile Auger spectra at dif-
ferent impact energies excited by a 10-ug/cm? carbon
foil. The observation angle was 9° with respect to the
incident beam.
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tation by Ar gas.® For our foil-excited spectra, no

prediction about this contribution can be made be-
cause of the complex excitation process.

The most important feature of the foil-excited
spectra is the appearance of a more intense high-
energy portion growing with decreasing impact en-
ergy. This behavior leads to a shift of the centroid
energy toward higher energies. There are mainly
two possibilities to explain the new feature: (i)
L*M'—LM"+? transitions increasing for low im-
pact energies (according to the electron-promotion
model'” accompanied by single ionization dominat-
ing at high impact energy and decreasing for low
impact energies and (ii) capture of electrons into
excited orbitals from the surface of the foil.

An increase of L>—LM? transitions (100— 140
eV) for low impact energies should also lead to an
increase of LM?-M* decays (60— 100 eV) due to
cascading. This increase is, however, not observed.
A possible explanation for this may be the low-
energy spectrum is due only to one part to
LM?*—M* transitions fed by the cascading process
L*—LM?—M* and to the other part to direct sin-
gle inner-shell ionization. The cascading ratio of
approximately 1:1 found for Ar excitation may be
reduced by competing optical decays. In this way,
the low-energy portion may be dominated by de-
cays following direct single inner-shell ionization.
Hence, an increase of the transitions L2—LM? will
not influence much the low-energy portion. This
hypothesis could be tested by measurements of op-
tical decays.

Another explanation for the observed change of
our spectra as a function of the impact energy can
be given in considering the peculiarities of the
foil-excitation process. When the projectile leaves
the foil, it can easily pick up electrons from the
surface. States involving inner-shell vacancies and
additional electrons in the outer orbitals are
formed, e.g., 2p°3s%3p'nl. The transition energies
of these states are found on the high-energy part of
the spectrum up to the limits indicated in Fig. 1.
Also, this process should lead to many optical
transitions, which should be measured to support
this assumption. As the probability for this charge
transfer from the foil to the projectile will increase
with decreasing impact energy, the energy depen-
dence of the spectra can be understood. We expect
that this process is very important for our foil-
excited spectra, as a similarly strong high-energy
part is missing in the spectra excited by Ar gas.®

In the following the intensity variations of the
individual lines are discussed. For the first two
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lines we observe an increase of intensity with in-
creasing projectile energy. As the identification of
peak 2 to be due to the transition 2p32s%2P

~2p6 IS is rather sure, we can draw the conclusion
that in fast collisions the production of initial
states with one inner-shell vacancy and many
outer-shell vacancies prevails. Lines 5, 6, 7, and 9
are other candidates for similar transitions. Col-
lisions with a solid target are very effective in dis-
rupting the outer shells. But we do not expect that
a very high degree of ionization occurs in the inner
shells at high projectile energies.

A similar intensity variation is observed for line
1 (see Fig. 4) which may be due to decays of initial
states with a high degree of inner-shell ionization
in addition to a nearly depleted outer shell, i.e.,
2p33s2—2p*, or to Coster-Kronig transitions with
an active spectator electron. The similarity of the
intensity variations of lines 1 and 2 indicates that
line 1 might also be due to an initial state with a
single inner- and many outer-shell vacancies. The
proposed Coster-Kronig decay may originate from
such an initial state after capture of electrons into
the outer shells. However, we would assume a
much lower intensity for such a process.

For lines 4, 8, 11, 14, and 16 we observe a total-
ly different tendency. In the first two cases, lines
4 and 8, no explicit energy dependence can be ob-
served. For the unresolved lines 7 and 8 we ob-
serve a maximum of the peak at 200— 300 keV im-
pact energy. However, the two high-energy spectra
indicate a very different behavior of the now dis-
tinct lines composing this peak. Line 8 is nearly
constant, whereas line 7 decreases strongly from
300 to 500 keV. The opposite impact-energy
dependence of these two lines is in close agreement
to our identification: line 7 is due to the decay of
a single inner-shell vacancy, line 8 to the decay of
a double inner-shell vacancy. Also the analogy of
line 4 and line 8 is consistent with the assignment
of line 4 to be due to an initial state with two 2p
vacancies. In the case of lines 11, 14, and 16 we
find a clear maximum of the intensity near 300,

200, and 200 keV, respectively. This variation in-
dicates that these lines should not be due to decays
of single inner-shell vacancies. For line 11 this
means that our assignment as a transition of the
type 2p°3p2—2p°® is not representative for the main
intensity of this peak. In the case of peak 16 we
think that at high impact energies the observed
structure is really due to L,; —M3; decays. With
decreasing projectile energy this structure is sha-
dowed by decays of double 2p vacancies, thus also
changing the shape of the peak. For lines 3 and 10
no intensity arguments can be given because they
are found on the slopes of very strong neighboring
lines.

V. CONCLUSIONS

Our analysis of the phosphorus Auger spectrum
has shown that a spectroscopic analysis is possible
to some extent in the low-energy region of the
spectrum where discrete structures can be well
resolved. The overall shape of the spectrum at dif-
ferent excitation energies can be understood assum-
ing increased charge exchange and/or double L ;
vacancy production at lower impact energies. In
the very low-energy portion of the spectrum a faint
structure seems to indicate either a Coster-Kronig
decay of a configuration with single 2s ionization
and high excitation of the electronic shells or triple
ionization of the 2p shell. This structure deserves
further investigations. Theoretical data on initial
populations and transition rates for lines in this re-
gion could be of great help in future examinations.
The supposed charge-exchange processes at low
impact energy could also lead to intensity in the
optical region. Hence, optical measurements would
be of great importance for the further study of the
excitation of phosphorus ions by foils.
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