
PHYSICAL REVIEW B VOLUME 36, NUMBER 17 15 DECEMBER 1987-I

End-point energies of electrons ejected during Auger neutralization
of slow, multicharged ions near metal surfaces
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A study has been done of the end-point energies of electrons ejected during Auger neutralization
of slow, multicharged ions near metal surfaces. The study includes a wide variety of ions. Experi-
mental results are presented for Al'+ and C" + ions incident on a gold surface, where z =2—5 and
n =2—5. Ions from a laser-ion source are processed to produce ion pulses with incident energies
ranging from 40 to 280 eV/charge. Data published by Hagstrum for 200-eV He +, Ne" +, Ar" +,
Kr" +, and Xe" +, on tungsten, where n =2 and 3, are analyzed along with the work of Varga,
Hofer, and Winter for low-energy Ne +, Ar +, Ar'+, Kr +, and Xe + on tungsten. It is concluded
that the high-energy end of the Auger emission is dominated by single-electron capture by the ion
and an internal conversion process involving direct coupling of optically allowed transitions in the
lower-lying excited states of the singly neutralized ion to the top of the conduction band of the
metal target. It is shown that a considerable fraction of the neonlike Al'+ ions from the laser-ion
source are in a metastable state and are neutralized through autoionization.

INTRODUCTION

The first definitive study of Auger neutralization of
slow ions near metal surfaces was published by Hag-
strum' in 1954. In the first of these classic papers, he
presented experimentally determined electron yields and
energy distributions of electrons ejected during the neu-
tralization of slow rare-gas ions near an atomically clean
tungsten surface. ' In the second paper he gave a
theoretical analysis of his experimental results for singly
charged ions. However, Hagstrum's published data also
included the results for electrons ejected in the neutral-
ization of the multicharged ions He +, Ne +, Ar +,
Kr" +, and Xe + where I =2—3, n =2—4, and p =2—5.
From an analysis of the electron yields Hagstrum con-
cluded that neutralization of multiply charged ions near
a surface is likely to occur in a series of stages where
each stage excites an electron inside the metal. No
analysis of the end-point energies was performed. More
recently, Varga et al. have obtained higher-resolution
spectra of Auger electron energies produced by (30-eV
Ne +, Ar +, Ar +, Kr +, and Xe + impact Qn tungsten.

Arifov et al. have treated Auger neutralization of
multiply charged ions near a metal surface, pointing out
the ion can undergo a series of resonant and Auger neu-
tralizations to high-lying excited states as the ion ap-
proaches the metal. Figure 1 schematically shows Auger
neutralization where an electron is captured from the
conduction band into an excited state of the singly neu-
tralized ion. Any loss in excitation energy during the
neutralization process goes into exciting another electron
in the conduction band. If the excitation energy transfer
to the conduction-band electron is sufficient and its
momentum is properly directed toward the surface, then
it may escape the potential well at the surface and be
detected as an Auger-emitted electron. The ejected elec-
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FIG. 1. Schematic diagram of the Auger neutralization pro-
cess. The slow ion carrying a charge of (n+ 1) -+ is incident
on the metal surface. When the ion comes sufficiently close to
the surface, electron capture from the conduction band takes
place with the simultaneous ejection of the second electron
with a kinetic energy E~ as measured at a distance from the
surface. Eo is the ground state of the singly neutralized ion.

tron may have 1ost energy in collisions with the conduc-
tion electrons before finding itself free of the surface.
Thus the end-point energy electron in the broad energy
spectrum of the emitted electrons provides a unique
probe of the neutralization processes. These end-point
energy electrons are the ones that have been given ini-
tially the maximum energy transfer in the neutralization
process, have sufTered little collisiona1 loss with other
conduction electrons, and have their origin in the top of
the conduction band where the potential well depth is
the work function tt. These electrons thus have reason-
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The gold target surface is uncharacterized. Base pres-
sures are a few times 10 Torr in the collision chamber.
Pumping is supplied by two 170-1/s turbomolecular
pumps and a 140-1/s diode ion pump. Base pressures are
reached by employing a 1000-1/s Varian Ti-ball pump in
the collision chamber. The Ti-ball pump is turned off
during data taking in order to minimize the electron
background. The remaining pumping is sufhcient to
maintain the base pressure. However, the pumping is
not sufficient to keep up with the photodissociation
products produced in the ion source operating at a 6-Hz
repetition rate. The pressure then rises above 5)&10
Torr.

In order to demonstrate that we are truly observing
Auger electrons from potential ejection rather than a ki-
netic ejection mechanism, ' it was necessary to obtain
data from the slowest possible ions. A special collision
box was constructed which permitted the application of
a retarding potential to further slow the ions before im-
pact on the target surface. The box is shown in Fig. 4.
Ion collisions with the surface take place in a field-free
environment with the help of stainless-steel screens. An
ion-retarding gap is defined at S,S2 and an electron-
retarding gap is defined at S354. The well-shielded
Galileo CEMA operates with the collector at high posi-
tive potential.

The Auger electron signal is fed to a LeCroy WD8256
waveform digitizer through a preamplifier and a timing
amplifier. Data acquisition is initiated by a Commodore
PET computer which fires the laser through an optical
link. A stop trigger is supplied to the digitizer through
another optical link by picking off a small fraction of the
laser light. Data accumulated in the digitizer memory
are then transferred to the computer memory for
readout and data processing. The rate of data acquisi-
tion is computer limited to about 6 Hz and should be
laser limited to about 20 Hz.

RESULTS

Auger emission induced by suKciently slow ion im-
pact occurs on the incoming pass" before the ion strong-
ly interacts with the surface. It is therefore reasonable
to assume that the ion time-of-fiight (TOF) linewidths as
perceived by the Auger detector should reAect the actual
energy widths within the ion packets striking the gold
surface. The relative energy width of each ion packet is
given as AE/E =2ht/t, where E is the ion kinetic ener-
gy and t is the ion time of Aight. The energy resolution
of the analyzer is measured by the angular cone of ions
streaming from the analyzer that is actually accepted by
an ion detector. ' The relative linewidth scales directly
with the acceptance cone. The energy resolution of the
analyzer is calculated to be AE/E=4. 5%%uo, using the full
exit aperture. The relative linewidth using the actual ac-
ceptance cone of the Auger detector is estimated to be
about AE/E=2. 0%%uo. Figure 5 shows the ion spectra
emanating from the analyzer, using the Auger detector,
and the effect of applying the magnetic field on the laser
side of the analyzer (Fig. 3). The signals are negatively
directed peaks with positive overshoots produced by
amplifier overdrive. The overshoots were useful in
recognizing the presence of small signals. Figure 5(a)
shows the ion spectra produced by 280-eV/charge car-
bon without the magnetic field, while Fig. 5(b) shows the
spectra with the magnetic field. Notable features are the
broader linewidths, the appearance of C +, and the ab-
sence of C'+ of Fig. S(b) relative to Fig. 5(a). The
linewidths (bE/E) in Fig. 5(a) run from about 2.8% for
C + to about 3.8% for C +, while in Fig. 5(b) they run
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FIG. 4. Schematic diagram of the insulated Faraday cage
containing the gold target and the Auger electron-retarding
fields. The CEMA view is normal to the target surface. The
impacting ions are incident at an angle of about 20 to the tar-
get surface.

FIG. 5. Carbon ion spectra emanating from the electrostatic
analyzer using the Auger electron detector shown in Fig. 4.
The energy selected is 280 eV/charge and the Faraday cage is
grounded so that the ions are not retarded. In Fig. 5(a) the
magnetic ion collector shown in Fig. 3 is not in use. In Fig.
5(b) the magnetic collector is in use.
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from about 4.2% for C + to about 6.4% for C +. Our
interpretation of the increase in linewidth with increase
in c arge state is that it is evidence of ion itudinal
space-charge repulsion effects in the ion packets. [The
effect is present in our apparatus when the ion a k

rved straight from the analyzer exit with no in-
c ion pac ets

is a so noticed in theteraction with surfaces. It is al t'

inewidths in the Oak Ridge National Laboratory
(ORNL) laser-ion source experiments. ] The increase in
linewidth with the application of the laser-side magnetic

e is due to plasma loading effects in the analyzer
w ic not only broaden the ion lines but also slow the
ions down. This bhis broadening is not very apparent in Fig.
5 but is quite noticeable in the longer flight times usin
aluminum ions (Fi

ig imes using

shields the
'

'g. 6). The dense plasma partiall
the ions from the analyzer electric field reducing

~

~

the effective field. (The analyzer plates are kept at a
constant voltage despite the large current drawn when

the ower
the plasma enters the analyzer by capacitivel 1 dy oa ing

e power supply. ) The axial magnetic field has the
effect of enhancincing the highest charge content in the
plasma at the analyzer entrance and it should also
enhance the C'+ content. The apparent absence of C'+8

in Fig. 5 b) is probably not because of a paucity of C'+
ions but because the application of the magnetic field
produces a weak stray field inside the collision chamber
which magnetically insulates th A d
the low-ener

e uger etector from
t e low-energy ( —I eV) electrons ejected by C'+. Ex-
perimentally we find that it has little effect on electrons

ejected at energies above 10 eV.
Figures 6(a) and 6(b) display TOF spectra for 280-

eV/charge aluminum ions. The TOF for these heavier
ions is scaled by the square root of the mass ratio to be

times slower than the carbon ions. Fi 6
again s ow the effects of the magnetic field de-

scribed for Fi . 5.ig. . The ion lines are again broadened.
Here it is obvious that the application of th e magnetic

of la
e as actually slowed the ions suppo t' thr ing e concept

o p asma loading in the analyzer which reduces the
effective electric field affecting the ions.

In Figs. 6(c) and 6(d) an ion-retarding potential of 200
V has been applied to the box, allowing 80-eV/charge
ions into the box. In Figs. 6(c) and 6(d) it is s

o e ion lines splits into two parts. There is the
expected Auger emission from th lde go target occurring
at a later time since the ions have been slowed from 280
eV/charge to 80 eV/charge. (Data have been taken as

ine a so as a precursorow as 40 eV/charge. ) Each ion li l h
a cled "sec"" ec" which is caused by ion impact outside the

through the 200-V potential into th b
uentl dequent y detected. Thus the target surface is sprayed

with 200-eV electrons before ea h keac ion pac et arrives at
t' e surface.

Figure 7 shows the application of the electron-
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retarding field on the Auger signals for 280-eV/charge
aluminum ions. Here the goal is to determine the end-
point energy of the electrons being ejected from the ion-
metal systems. The technique used here is to apply
sufficient potential to totally stop the electron emission.
The point where the signal is totally gone defines the
end-point energy. The present generation of data from
the laser-ion source is not sufficiently reproducible to ob-
tain relative electron yields as a function of energy and
to extrapolate to precise end-point energies. The present
technique will generally tend to produce an underesti-
mate in the end-point energies, in particular when the
initial electron yields are low. However, in our judg-
ment the end-point energies quoted here will be at most
underestimated by 3 eV. This judgment is based on well
over 100 data runs, generally involving multiple ion
Auger signatures per run. Each signature represented
data accumulated from 50 to 200 laser shots. These data
were obtained primarily over the ion kinetic energy
range from 40 eV/charge to 280 eV/charge. No sys-
tematic difference could be found in the electron end-
point energies in this ion kinetic energy range. If any ki-
netic effect produces secondary electrons in this range, it
produces electrons with kinetic energies less than 10 eV.
The maximum energy of electrons ejected during Auger
neutralization (Fig. 1) is E&,„Eo—2P.——For Al + in-

cident on gold, Eo ——6.0 eV (Ref. 13) and /=5. 1 eV. '

Thus Al'+ cannot eject electrons by virtue of the poten-
tial energy that it carries. An electron signature from
Al'+ never occurred in our work until the ion energy
reached 560 eV and it vanished when the magnetic field
was turned on, consistent with the concept of magnetic
insulation of low-energy electrons.

The importance of the end-point energies of the Auger
energy spectrum lies in the fact that they give a reason-
ably well-defined energy which involves the ejection of
the least bound of the metal electrons; namely, electrons
at the top of the conduction band. The most energetic
of the Auger electrons by definition involves an electron
that does not experience an energy-loss collision with
other electrons in the conduction band. Finally, the
most energetic Auger electron is one in which the largest
possible energy transfer in the neutralization process has
been made.

In Table I we offer the end-point energies for Auger-
ejected electrons induced by eight different multicharged
ions on gold along with the analysis of end-point ener-
gies of nine different multicharged ions on tungsten as
measured by Hagstrum and Varga et al. We offer one
mechanism as the explanation for neutralization of 16 of
the 17 cases. The single exception occurs in Al +, which
is complicated by the fact that a large fraction of the
Al + ion packets produced in the ion source is in a
metastable state. The total neutralization energy for
Al + in the ground state going to Al in the ground state
is only 53.5 eV. Table I shows the end-point energy of
electrons ejected by our Al + packets is 60 eV. Even in
the unlikely event that all the neutralization energy was
somehow given to a single electron, there would be a 7-
eV discrepancy. The most probable explanation is that
Al + is a neonlike ion in which there is a metastable

state lying 76.5 eV above the Al + ground state. If an
appreciable number of the incident Al + ions are in this
state, we have a total neutralization energy of 129.8 eV
instead of 53.3 eV. The Al + ion is listed as Al +(m) in
Table I.

The second column in Table I lists the maximum
Auger energy expected from Auger neutralization where
an electron from the top of the conduction band drops
to the ground state of the singly neutralized ion with the
subsequent ejection of another electron from the top of
the conduction band. As can be seen, this calculated en-
ergy greatly overestimates the actual experimentally
determined end-point energy for multicharged ions.
This fact is not surprising, using the argument of Arifov
et al. that the overlap in the deep-lying ground state and
conduction-band wave functions is too small to make
this an effective mechanism.

Another choice is double capture from the conduction
band into a doubly excited state of the twice-neutralized
ion with subsequent Auger ejection from the atom leav-
ing the ion in the ground state of the singly neutralized
ion (Fig. 2). Arifov et al. argue that the end-point ener-
gies are obviously due to transitions involving energy
levels with large gaps which typically occur in the
lower-energy states. For example, consider the case of
Ne + incident on a metal. The ground state of Ne +

has the electron configuration 1s 2s 2p . If double cap-
ture takes place, it is most probable that it is autoioniza-
tion in the n=3 doubly excited states of Ne'+ that is re-
sponsible for the end-point energies. The binding ener-
gies are calculated by Slater's method. Thus a likely
configuration of 1s 2s 2p 3z might result with one 3s
electron being ejected and the other falling into another
2p orbital, resulting in the 1s 2s 2p ground-state
configuration of Ne +. The results of the calculations of
Arifov et al. are listed in the last column of Table I.
Notable disagreements occur in the case of Ne + and
Ne +

Burhop' has shown that Auger ejection can be treat-
ed in a nonrelativistic fashion as an internal conversion
process in which the radiation field set up when one elec-
tron drops to a lower energy then acts as a perturbation
to excite the second electron. Suggesting that it is the
radiation field that couples the two electrons in the ion-
metal system allows us to view the Auger ejection in Fig.
1 as a photoelectric conversion in the conduction band. '

Such conversion processes are well known in the inter-
pretation of x-ray spectra of solids where Coster-Kronig
transitions allow core electron excitation to be coupled
to the conduction band in metals. ' Figure 8(a) shows
schematically the direct Auger deexcitation using opti-
cally allowed transitions in the singly neutralized ion.
Figure 8(b) shows schematically the corresponding ex-
change transition. We may again use the argument of
Arifov et al. that the overlap in wave functions involv-
ing the low-lying atomic states is too small to make such
exchange reactions prevalent. Thus an internal conver-
sion process involving optically allowed transitions
seems a real possibility. We offer the results from such a
process in the column labeled "Auger deexcitation" and
the transitions responsible for the calculated end-point
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FIG. 8. Schematic representation of the Auger ejection by
atom deexcitation. Shown in (a) is ejection from the top of the
conduction band. (b) represents the corresponding exchange
reaction. Both reactions involving electrons from the top of
the conduction band produce the maximum energy of ejection.

energies. These transitions have been selected according
to the following model. Auger neutralization takes place
in the upper excited states of the singly neutralized ion.
The electron cascades to the lower excited states. The
excitation energy is most likely lost in exciting other
conduction electrons. (We have actively searched for
optical radiation without success. Hagstrum has point-
ed out that optical transitions have transition rates that
are too slow to compete with the Auger processes in or-
dinary atoms. However, these transition rates increase
in multicharged systems. ) The atomic electron responsi-
ble for the end-point Auger energy is that which ends up
in the lowest optically active orbital that has a principal
quantum number one greater than that of the valence
electron associated with the ground state and that which
makes a transition to the lowest optically connected
state (usually the ground state), if this transition is cou-
pled to an electron at the top of the conduction band.
The end-point energy is then Ek,„E,—P, where E, is-—
the transition energy and /=5. 1 and 4.5 eV is the work
function for gold and tungsten, respectively.

The case of C + on Au is interesting. The ground
state of C + is the is 2s ('S) state. If transitions to the
ground state dominated the production of high-energy
Auger electrons, then it would be the 1s 2s 3p
('P')~ is 2s ('S) transition that would produce a 27-
eV end-point energy electron. However, the C + optical
spectrum in the vacuum ultraviolet region ' shows a
rich, well-developed set of triplet transitions with optical
power that dominates the singlet system. Thus the
Auger emission must show that dominance and it is the
triplet transition is 2s3s ( S)~ ls 2s2p ( P') that con-
trols the apparent 18-eV end-point energy. The 1s 2s2p
( P') state is the lowest-lying triplet state and is 6.5 eV
above the ground state. The C + entry in Table I is
unique in that it is the only one that does not involve
transitions to the ground state.

The deexcitation of Al +(m) also follows the argu-
ment that only optically allowed transitions play a dom-
inant role in the end-point ejection process for mul-
ticharged ions. The Al + ls 2s 2p 3s ( P) neonlike state
is metastable because an optical transition to the singlet

'S ground state is spin forbidden. If an exchange reac-
tion took place, an end-point energy of 76.5 —5. 1=71.4
eV might be expected. The experimental value is about
60 eV, well below 71.4 eV. The explanation is that the
Al +(m) ion must lose its energy by capturing another
electron, producing a doubly excited state of Al +. The
electron cascades to an n=3 orbital where a strong in-
teraction exists with the excited 3s orbital already associ-
ated with the metastable state. Since Slater's method for
calculating binding energies may not be sufficiently accu-
rate for our purposes, we choose to estimate the autoion-
ization energy in the following fashion. If the captured
electron falls into a 3d orbital, then its shielding of the
ion charge which affects the 3s orbital is minimal. Thus
the binding energy of the Al + 1s 2s 2p 3s3d
configuration can be approximated by using the tabulat-
ed experimental binding energies' of Al + (3d ) and
Al +(3s). Good agreement between autoionization and
experiment is brought about by using this approximation
as the binding energy of the autoionizing 3s3I doubly ex-
cited state of Al +. Using Slater's method, the autoion-
izing 3s (or 3s 3p) and 3s 3d states of Al + give end-
point energies of 53.2 and 67.9 eV, respectively.

EFFECT OF CONTACT POTENTIAL
AND TARGET WORK FUNCTION
ON THE END-POINT ENERGIES

The effect of contact potential and possible differences
between the actual work function of our formally un-
treated gold target and the clean surface work function
have been neglected in the foregoing analysis for the
sake of clarity. Both effects produce changes that are
typically a fraction of an electron volt and would be
difficult to detect with the present apparatus. Our target
surface has been subjected to an extended bakeout at
—180'C, to a bath in vacuum ultraviolet light from the
intense laser-produced plasma radiation that reflects
through the 180' analyzer (100-eV photoelectrons are
produced from the gold surface at each laser fire), to
200-eV secondary electron impact, and finally to ion im-
pact. However, for the case of Auger deexcitation, the
work function for the target does not formally enter into
the actual measurement. The experimental value of the
end-point energy is formally given as

E„m,„=E, —P+ (P —P, ) =E( —P, ,

where P is the target work function and P, is the work
function of the stainless-steel retarder grid. The quanti-
ty P —P, is the contact potential. ' Thus it is the work
function of the stainless steel that should be used to
reduce the transition energy and not the gold. The work
function for stainless steel, which has undergone heating
similar to our grid, has been measured with values that
cluster about 5.1 eV. ' This is the numerical value used
in the analysis. Thus the analysis presented here should
be valid within experimental error.

SUMMARY AND CONCLUDING REMARKS

The end-point energies of electrons ejected during the
neutralization of slow, multicharged carbon and alumi-
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num ions near a gold surface have been measured.
Analysis of the end-point energies suggests that neutral-
ization is stepwise where a single electron is captured
from the metal conduction band which then cascades
through the energy levels of the once neutralized ion,
losing its energy through excitation of other
conduction-band electrons. The end-point Auger elec-
trons are produced in the last stages of this energy-loss
ladder when the singly neutralized ion is near its ground
state. There is no evidence of exchange reactions taking
place in these last stages. There is no evidence of multi-
ple capture processes in the end-point electrons. The
end-point energy electrons, however, may not be the
electrons that would best refiect such processes, since the
neutralization energy per captured electron is reduced by
each capture event. Finally, it is not apparent that the
end-point energy electrons from neutralization of charge
number (5 ions as yet reAect an appreciable compres-
sion of the atomic energy levels by the image potentials.
The attractive image potential energy in eV produced by
an ion of charge number Z in front of a perfect conduc-

tor is 3.6Z /5 where S is the ion-surface distance mea-
sured in angstroms. Thus the image forces on the neu-
tralization Z + ~(Z —1) + should effectively reduce
the kinetic energy of the Auger-ejected electron as the
electron makes the transition from the initial metal —Z+
ion potential curve to the final metal (Z——1)+ ion po-
tential curve by an amount (2Z —1)3.6/S eV. However,
the end-point energy electrons by definition represent
capture at "large" distances from the surface and thus
are not particularly sensitive to these energy shifts.
These capture distances may also increase with the in-
cident charge since the range of the Coulomb force is in-
creasing.
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