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We have observed beryllium K-shell Auger electrons from clean Be surfaces bombarded by
2.5—10-keV Ne, Ar, and Kr ions at 45° incidence. The electron spectra show a broad structure simi-
lar, although not identical, to that observed under electron impact, which was assigned to the KVV
transition from excited Be decaying in the bulk of the solid. A small sharp line is identified to result
from the decay in vacuum of neutral Be(1s 252p) sputtered from the solid. The Auger yields can be
scaled when plotted against the maximum energy transfer in a projectile-Be collision, indicating that
excitations occur mainly from symmetric collisions between target atoms. This is supported by
Monte Carlo simulations of the atomic collision cascade in the solid. We have applied these simula-
tions to evaluate the relative role of symmetric and asymmetric collisions in early measurements of
Be K x-ray yields, at higher energies. By comparing experimental and simulated results, we ob-
tained information about the variations of the fluorescence yields and outer-shell occupation num-

bers with projectile energy.

I. INTRODUCTION

Due to the large density of target atoms, solids can be
used to observe relatively improbable atomic collision
events, like the excitation of shallow inner shells at impact
energies in the keV range. The interpretation of these ob-
servations is complicated, however, by multiple collisions
inside the solid, which slow down and deflect the projec-
tile and produce a cascade of moving target atoms.

We have previously shown that, for aluminium bom-
barded by noble-gas ions, one can explain features in the
L-shell Auger spectra to result from Al atoms decaying
inside and outside the solid."? The yields of these Auger
electrons could be scaled with the maximum energy
transfer in a projectile-Al collision, indicating that the ex-
citations were caused mainly by collisions between target
atoms (z-) as found for other light targets.> These exci-
tations are thought to result from the coupling of the pro-

moted 4o molecular orbital (MO) to other empty MO’s.*

For Het and Ne* projectiles, we observed a departure
from this scaling at low energies which we attributed to
excitation by two-electron transitions in collisions between
the projectile and a target atom (p-t).

In this work we extend the studies to the case of K-shell
excitation by keV ions, using Be as a target. The mecha-
nism of excitation in symmetric collisions in this case is
different from that described for the 2p shell, and is
thought to be the rotational coupling® of the 2po and 2pw
MO’s.

There exist previous studies of Be K-shell excitation but
at larger energies. Terasawa et al.® measured Be K x-ray
yields from thick Be targets bombarded with different
15—600-keV ions of atomic number Z, in the range
1—18. They obtained cross sections from the yield data
considering the slowing down of the ions in the solid, but
neglecting excitations in ¢-¢ collisions. Piacentini and Sa-
lin’ analyzed these experiments in the light of their theory
of K-shell excitation by rotational coupling between 2po
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and 2pm MO’s. They found a large difference between
theory and experiment in the case of Ne on Be which they
attributed to additional excitations from the coupling of
the 2po-3do MO’s. It can be seen that the discrepancy of
their results with experiments, analyzed on the basis of
p -t collisions, increases with Z, at low energies.

A different approach was used by Benazeth et al.® who
measured the production of Be K Auger electrons from
thick Be targets bombarded by 10—100-keV noble-gas
jons. In the analysis, they again assumed that excitations
in t-t collisions were unimportant. They compared their
results for Ar on Be with those of Terasawa et al.® and
found large differences in the magnitude of the derived
cross sections.

Recently, Scharnagl and Hink® measured the produc-
tion of Be K x rays from Be foils, a few hundred A thick,
bombarded by 10—120-keV projectiles of Z, in the range
1—5. These authors also neglected in their analysis exci-
tations by energetic Be recoils. The cross sections thus ex-
tracted were discussed in terms of the 2po-2pm coupling,
and an assumed number of 2p vacancies in the projectile
inside the solid, in the case of the heavier projectiles.

These works left open the question on the relative role
of p-t and t-t collisions in Be K-shell excitation in solid
targets. It has therefore not been possible to do a mean-
ingful comparison with current theories and answer the
question on which are the main excitation mechanisms.

The purpose of our work was to find these answers. To
this end we made an analysis of the spectra and projectile
energy dependence of the yields of Be K-shell Auger elec-
trons, similar to what we used previously to study the case
of L-shell excitation with Al targets. We made the exper-
iments with 2.5—10-keV Ne, Ar, and Kr ions incident on
clean Be targets at 45° incidence. To these measurements
we have added the study of recoil effects using a comput-
er simulation of the penetration of the projectiles in the
solid and of the motion of recoiling target atoms. We ap-
plied these results to explain our experiments and previous
X-ray emission measurements.
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II. EXPERIMENTS

A. Apparatus

The apparatus has been described in detail previously.?

The target, a high-purity beryllium disk, was mounted in-

side an ultrahigh-vacuum chamber operating at a base
pressure of ~10~1° Torr. The sample was cleaned by
sputtering with low-energy Ar ions. The surface concen-
tration of the main remaining contaminants, oxygen and
implanted argon, was less than 0.5% and 0.7%, respec-
tively, as determined by electron-induced Auger-electron
spectroscopy.

The Ne, Ar, and Kr ions, produced in an electron-
bombardment-type ion gun, were mass analyzed using a
Wien filter and deflected electrostatically onto the target
to avoid contamination of the beam with non-mass-
analyzed neutrals. The incident angle of the ions with
respect to the normal to the sample surface was 45°.

The energy of the ejected electrons was determined with
a hemispherical electrostatic analyzer working at 1% en-

ergy resolution. Electrons were detected within a narrow .

cone 15° from the surface normal. Since we compare our
electron energy spectra with those from gas-phase col-
lisions, the electron kinetic energy must be referred to the
vacuum level of the target. To calibrate the electron ener-
gy scale, we used the method described in a previous
work! and a value of 3.9 eV for the work function of Be.!°
The electrons were detected with a channel electron multi-
plier; spectra were taken under computer control using
signal averaging techniques.

B. Auger-electron spectra

Figure 1(a) shows a typical Auger-electron energy spec-
trum of Be bombarded with 4.5-keV Ar*. Though there
are some differences, it is similar to that obtained under
electron impact [Fig. 1(b)]. The maxima of both spectra,
indicated as KVV, are at the same energy: 98.5 eV.

The main peculiarities of the ion-induced spectra are (1)
the appearance of a sharp, atomiclike peak (KLL) at 102
eV (Ref. 8) which is absent in the electron-induced spec-
trum, and (2) a broader bandlike (KVV) structure®!!
[which involves two valence-band (V) electrons]. The
high-energy edge is found at E,, =109.5 eV, in agreement
with other work,!! while E, for the electron-induced
spectrum is 108 eV.

Following previous work"%1? we assume that the atom-
iclike peak corresponds to a KLL Auger transition in en-
ergetic sputtered recoils, and is broadened by the Doppler
effect and the interaction with the surface. To identify
this peak we used the energy-level diagram of Fig. 2, de-
rived from Moore’s tables!* and gas-phase Auger spec-
tra.'* If the excited recoil has a Be* 152s22S initial ionic
state, it can neutralize by resonant capture of a valence-
band electron'® to Be® 1s25%2p !P,3P states, when it es-
capes from the solid. Capture to Be® 152s%n/ configura-
tions with »n >3 is not resonant since the energy required
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FIG. 1. Energy distribution of electrons ejected from Be by
(a) 4.5-keV Ar ions and (b) 3-keV electrons. In both cases, elec-
tron energies are referred to the vacuum level of the target. The
spectra were corrected for the energy-dependent transmission
function of the analyzer. The channel width was 0.5 eV.

to ionize them to Be* 1s2522S is smaller than the work
function of Be. Excited states 15s2s%2p 'P, *P can decay to
final states 15225 %S and 1522p 2P with Auger-electron en-
ergies
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FIG. 2. Energy-level diagram for autoionizing states of Be.
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3P—>1522p%P 101.0 eV,
1P—>1522p%P 102.1eV,
31522525 104.9 eV,

(1
(2)
(3)

1p_>1522528 106.1 eV . (4)

We believe that the observed KLL line corresponds
mainly to transitions (1) and (2), not resolved by our ap-
paratus; transitions (3) and (4) fall just on the high-energy

-edge and therefore could account, together with (2), for
the small difference found between the high-energy edges
in the electron and ion-induced spectra.

If the excited sputtered recoil, Bet 1s2s22S, survives
neutralization, it can decay to Be?* 1s2!S by emitting a
96.1-eV Auger electron. Since this peak was not observed,
the transition rate for resonant neutralization must be
much greater than for the Auger effect.’> With this argu-
ment, we can suppose that transitions from Be* to Be?*,
such as Be* 1s (252p 'P)*P—Be?* 1s21S, and others with
Auger energies between 100 and 103 eV, must contribute
very weakly to the KLL atomiclike peak.

Finally, we must consider transitions from initial states
Be? 15252p2 to Bet 15225 %S or Bet 1s22p 2P, which give
Auger electrons with energies greater than or equal to 108
eV, and therefore could also contribute to the shift ob-
served in the high-energy edge.

The ratio of the yield of the atomiclike peak to that of
the bandlike peak in Be is smaller than the ratios observed
for other targets (Mg, Al, Si) at the same energy and in-
cidence angle.! This is a consequence of the smaller life-
time of the Be K-shell vacancy,'® which lowers the proba-
bility that an excited recoil escapes from the solid retain-
ing its inner-shell hole.

C. Yields

Relevant information concerning the mechanisms for
K-shell vacancy creation can be obtained from the varia-
tion of the Auger yield with projectile energy. To date,
knowledge of the different contributions to the secondary
electron background in the whole range of the spectra is
poor and it is extremely difficult to provide a good esti-
mate of the Auger peak areas, particularly at the lowest
projectile energies. For this reason we took the channel
intensity at 98.5 eV, measured from the extrapolated
high-energy background [Fig. 1(a)], as a measure of the
yields. This energy (98.5 eV) was used because it corre-
sponds to the maximum in the electron-induced spectra.
Since the shape of the KVV transition does not show dis-
cernible changes for different ion energies or ion species,
the signal at one channel (after background substraction)
should be a constant fraction of the total KVV signal.
Use of the signal at other close energy as a measure of the
Auger yield would be equivalent, since all our Auger data
are in arbitrary units. The background was calculated by
fitting a function of the form N(E)=A4 +B/(E—E;)" to
the high-energy side of the spectra, where 4, B, E,, and n
are fitting constants.

Figure 3 shows Auger-electron yields from Be under
Ne, Ar, and Kr bombardment as a function of impact en-
ergy, E,. It can be seen that the shape of the curves is
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FIG. 3. Experimental Auger-electron yields of Be vs projec-
tile energy, and typical error bars. Notice that, within errors,
the yields are independent of the ionization state of the projec-
tile before entering the solid.

similar for all three projectiles and that the yields decrease
with increasing atomic number. It can also be seen that,
within errors, the yields are independent of the ionization
state of the projectile before entering the solid.

III. DISCUSSION

A. Be K-shell excitation below 10 keV

The purpose of this section is to discuss whether the ob-
served inner-shell excitations of Be at impact energies
below 10 keV are predominantly produced in p-t or z-t
collisions.

If vacancies are produced in p-t collisions, the possible
excitation mechanisms for the three projectiles used are
different. These mechanisms, which are indicated in Figs.
4(b)—4(d), following the rules of Barat and Lichten,* re-
quire at least one outer-shell vacancy in the projectile.

If vacancies are produced in symmetric collisions, we
must consider not only the excitation mechanism in the
Be-Be system, Fig. 4(a), but also the energy transfer from
a projectile to a recoiling target atom in a previous col-
lision. As shown elsewhere,>>!7 if ¢-t collisions dom-
inate, the yields should be approximately independent of
the type of projectile, when plotted as a function of the
‘maximum recoil energy yE,, with y =4M,M, /(M, +M,)
(M,, M, are the projectile and target mass, respectively).
Figure 5 shows the yields plotted as a function of yE,. It
can be seen that, within experimental errors, data for all
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FIG. 4. Correlation diagrams for some quasimolecular col-
lision systems. Be ls holes may be produced by (a) Be-Be:
2po-2p rotational coupling; (b ) Ne-Be: (1) 2po-2p rotation-
al coupling and (2) K-L vacancy sharing between 2po and 3do
MO’s; (c) Ar-Be: 3do promotion and level crossings (1) or rota-
tional coupling between the 3do-3d7-3d86 MO’s (2); (d) Kr-Be:
3do-3dm-3d5 only, after the creation of a Kr 3d vacancy by
promotion of the 4fo MO. There is not much significance in
outer-shell correlations due to electron-electron interactions and
the splitting of the Be 2s level to a 2s-2p band in the solid.

three projectiles now coincide in the low-energy range and
tend to a common threshold energy ~2 keV. This agrees
with the threshold value of 2.2 keV predicted!® for excita-
tion due to the coupling of the 2po-2p7m MO’s in Be-Be
collisions.

Using the Moliere interatomic potential,!® we calculated
a maximum radius for excitation of 0.28 a.u. from the
measured threshold energy. As must be expected for rota-
tional coupling, this value is lower than the sum of the
mean K-shell radii of the two colhdlng Be atoms ( <0.54
a.u.).

The preponderance of -t collisions in the creation of
Be K vacancies at keV energies is in contradistinction
with previous suggestions®®% 1112 that p -t collisions dom-
inate Be K-shell excitation in ion solid interactions above
10 keV, for all projectiles used, including Ne. It thus
seems interesting to study when p -t collisions begin to be
more important than ¢-¢ collisions and to see also how
this effect depends on the atomic number of the projectile.
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FIG. 5. Experimental Auger-electron yields of Be vs yE,, the
maximum energy transfer to a recoil. The closed symbols corre-
spond to the Monte Carlo simulation of the excitation events in
t-t collisions, normalized to the experimental value for Ar at
YE,=6 keV. The bars represent the typical statistical errors of
the simulation.

B. Be K-shell excitation above 10 keV

At energies above 10 keV, other workers®® found that
the Be K x-ray production cross sections o,, for projec-
tiles of Z, from 4 to 10, decrease (except for Net) with
increasing Z, [Fig. 6(a)]. This effect was in apparent
agreement with (a) a reduced K-shell radius and higher
Coulomb deflection and (b) a decrease in the number of 2p
vacancies in the heavier projectiles, since

0x=0N 0 , (5)

where @ is the Be K-shell fluorescence yield, N, the ini-
tial number of vacancies in the 2p7 orbital, and o, the
cross section for 2po-2p 7 rotational coupling.

These workers did not consider the possibility of vacan-
cy creation in symmetric collisions. Nevertheless, if only
asymmetric collisions are important and (b) is valid even
in solids, where the ionization state of the projectile before
the excitation collision may change due to previous col-
lisions, the same dependence of o, with Z, must hold
when plotted. in the reduced coordinates (ru) proposed by
Taulbjerg et al.'® These are the appropriate coordinates
for the treatment of the 2po-2pm rotational coupling,
which is the main mechanism for Be K-shell excitation in
the studied systems.

It can be seen in Fig. 6(b) that the order has reversed
for projectile velocities below 0.1 ru: heavier projectiles
have larger o, (0.1 ru corresponds to ~40 keV in the case
of B, ~76 keV for N, and ~ 175 keV for Ne). As will be
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FIG. 6. Apparent Be K x-ray production cross sections o3??
obtained by Terasawa et al. (Ref. 6; C,N,0,Ne) and Scharnagl
et al. (Ref. 9; Be,B) (a) vs the projectile energy E,, and (b) vs the
projectile velocity v, in the reduced coordinates of Taulbjerg et
al. (Ref. 18).

shown in the next section, this result agrees with the as-
sumption that -t collisions are important even in this en-
ergy range.

When both p-t and ¢-¢ collisions may create vacancies,
a more powerful tool than the measure of threshold ener-
gies is needed to separate the p-t and -t contributions to
the total yield. For this purpose we adapted a Monte Car-
lo program which simulates trajectories and excitation
events in the penetration of heavy ions in solids.
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C. Monte Carlo simulation

This program traces the trajectories of a large number
of individual particles (projectiles and all fast recoils) in-
side the solid. Particles move in straight-line segments
changing their direction by binary nuclear encounters
with randomly located target atoms. The energy of the
moving atoms decreases as a consequence of nuclear and
electronic energy losses. In each collision (p-t and ¢-t),
the program calculates the probability'® for the 2po-2pm
rotational coupling (this number, multiplied by the un-
known number of vacancies in the 2pm MO, N, gives the
probability for 1s-vacancy production). The simulation
cannot be used to estimate the number of vacancies pro-
duced in p-t collisions involving Ar and Kr ions, because
in these cases there are other excitation mechanisms with
uncertain values of the excitation probability (see Fig. 4).

In order to simulate our measured Auger-electron yields
we used an exponential electron escape probability,
exp(—x/L); x is the position measured from the surface
of the solid, where excitation occurs, and L =6.1 A, the
attenuation length for 100 eV electrons in Be.?’ The dis-
tance traveled by the excited recoils before decaying,
which is directly related to the K-hole lifetime, was as-
sumed to be zero. This neglect, which is inadmissible
when atomic KLL peaks are to be simulated, does not
change appreciably our results for the yields, because of
the small lifetime of the Be K vacancy ( ~ 10~ sec).

Results of the simulation (normalized to experiment for
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FIG. 7. Calculated ratios of the number of Be K vacancies

_ produced in p-t collisions to those produced in -t collisions,

normalized to one vacancy in the 2p7 MO, as a function of the
atomic number of the projectile, Z,. The bars represent the sta-
tistical errors of the simulation and the line was drawn merely
to guide the eye.
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Ar at yE, =6 keV) are shown in Fig. 5, together with ex-
perimental values. Data are well fitted in the whole ex-
perimental energy range, considering only ¢-¢ collisions.
No vacancy production is expected from p-t collisions in
the Ne-Be system at these energies. This is because rota-
tional coupling between the 2po and 2p7m MO’s has a
threshold energy of ~ 15 keV (Ref. 18) and K-L vacancy
sharing?! is extremely improbable at the energies of our
measurements, beginning to be competitive with rotation-
al coupling near 100 keV.” Rotational coupling between
the 3do-3dm-3d8 MO’s in Ar-Be collisions requires ener-
gies considerably greater than 10 kev.®

To simulate measurements®® of x-ray yields, the treat-
ment was similar but the escape probability of x rays was
taken to be unity. We calculated N (N,,), the number of
vacancies produced in p-t (z-t) collisions per initial 2pm
vacancy. '

Ratios N, /N, are presented in Fig. 7 for E,=20 keV

and different Z,. The strong dependence with Z, may be

qualitatively understood to result from two effects: (1)
heavier projectiles are more effective in producing many
energetic recoils although with a lower maximum energy,

and (2) at low energies, the cross section for the 2po-2p7’

coupling decreases rapidly with increasing Z,.

The ratio N, /N, increases with increasing energy, as
shown in Fig. 8. This is caused by competing factors: (1)
the energy dependence of the excitation cross sections, (2)
the production of faster recoils as energy increases, and (3)
the energy dependence of the total number of fast recoils.
We found that the average depth where ¢-t excitations
occur is larger than that for p-t excitations, and that both
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FIG. 8. Calculated ratios of the number of Be K vacancies
produced in p-t collisions to those produced in t-t collisions,
normalized to one vacancy in the 2p7m MO, as a function of the
energy of B projectiles. The line was drawn to guide the eye.
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depths increase with energy. This, together with the small
electron escape depth, causes the ratio N, /N, to increase
faster with energy when Auger electrons, rather than x
rays, are observed.®

The total Be K x-ray yield, Y*, can be written as the
sum of the contributions of p-t and ¢-¢ collisions:
Y*=Y, + Yy =N (p)Np +oN ()N, where o is the
Be K-shell fluorescence yield, and N,(p) [N,(¢)] the ini-
tial number of 2p, vacancies in the asymmetric (sym-
metric) excitation collision.

To compare simulations with experimental results, we
need the values of @, N, and their variation with projec-
tile energy, which are not known at present. The depen-
dence of @ on projectile energy has been studied for vari-
ous collision systems.??~2* In the case of K-shell excita-
tion in Net-Ne collisions, o increases with ion energy,
and very rapidly near the excitation threshold.

If projectiles are essentially neutral inside the solid,
theory?®® predicts N,(Be)=2 and N,(p)=3, +, 1, %, and
0 for B, C, N, O, and Ne, respectively, in the limit of zero
velocities. Experiments?® of K-vacancy productions for
other light systems, and in our energy range, have pro-
duced values of N, much smaller than those predicted
theoretically, and which increase slightly with velocity

. due to the dynamical creation of 2p7 vacancies at large

internuclear separations.

Although N, and o are not known, we can obtain in-
formation from limiting cases. Figure 7 shows that for
Be projectiles, recoils create at most a few percent of the
K vacancies and therefore, Y*~ Y. On the contrary, for
Ne projectiles, the main contribution to the yields arises
from recoils, Y*~ Yy, since N, >>N,, and since, as men-
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FIG. 9. The ratio R =N ,w/w, between measured and calcu-
lated x-ray yields as a function of the mean projectile energy
(mean Be recoil energy in the case of Ne projectiles) in the exci-
tation collision. The experimental x-ray yields were taken from
previous works (Refs. 6 and 9). N, is the number of vacancies
in the 2p7 MO, wo=3X10"* the Be K fluorescence yield mea-
sured by electron impact, and o that corresponding to ion bom-
bardment.
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tioned above, one can expect that N,(¢) is greater than
N, (p).

We can thus obtain, for these two projectiles, informa-
tion about the variation of the product wN, of Be with
energy from the ratios between experiment and calcula-
tions, R =Yg, /0Ny (Ny)=N,(Be)w/w, for the Be-Be
(Ne-Be) system. Here Yg,, is the total experimental x-ray
yield taken from Refs. 6 and 9 and wy=3X10"* the
fluorescence yield of Be measured under electron im-
pact.27

We show in Fig. 9 the dependence of R with the aver-
age impact energy (E) in an excitation collision. (E)
was derived from the Monte Carlo simulations. We can
notice an excellent agreement between the data for Be and
for Ne projectiles, which supports the idea that in both
cases excitations are produced in symmetric collisions.

Also shown in Fig. 9 are results for B on Be, obtained
by assuming that p-t collisions dominate the excitation
process (see Fig. 7). Although this assumption is not as
good as for the case of Be on Be, the ratio
N .(Be)/N,(B)~1.4 obtained is close to the theoretical
value of 1.2 expected from the model of statistical distri-
bution of 2p vacancies.?’

Since N, must remain almost constant at low energies,
the drop of R near the excitation threshold is expected to
be a consequence of a decrease of w similar to that previ-
ously found®? for the Ne K fluorescence yield in Ne-Ne
collisions.

IV. CONCLUSIONS

Summarizing, our study of Be K-shell excitation pro-
duced by the bombardment of solid Be with slow heavy
ions has led to the following main conclusions.

(1) The Be Auger spectra is composed of two main

structures. One structure is a broad one from KVV tran-
sitions involving two valence electrons of the solid, and
due to atoms that decay inside the solid. The other struc-
ture is a sharper line which originates from sputtered ex-
cited atoms which survive the transit to the surface and
decay outside the solid after being neutralized by resonant
electron transfer from the valence band of the metal.

(2) In the low-keV energy range, Be K-shell excitations
by heavy projectiles are produced mainly by symmetric
collisions involving energetic Be recoils set in motion by
the projectiles. The dependence of the yields of Be K
Auger electrons with energy and type of projectile can be
reproduced well by a Monte Carlo simulation of the
motion of projectiles and recoils inside the solid, assuming
that excitations occur by the 2po-2p rotational coupling.
A threshold center-of-mass energy of 1 keV is required to
reach the internuclear distances where the coupling is ef-
fective.

(3) Previous results on x-ray emission by heavy projec-
tiles in the energy range of tens of keV which were
analyzed assuming excitations to occur only in projectile-
target collisions are found to be strongly affected by recoil
effects.

(4) The results extend to solid targets the observation of
the strong energy dependence of the fluorescence yields
near the excitation threshold.
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