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Near-threshold emission of electrons during grazing scattering of keV Ne atoms from an Al(111)
surface
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The number of electrons emitted during grazing scattering of Ne atoms with kilo-electron-volt energies from
an Al(11) surface is recorded in coincidence with the energy loss of scattered projectiles. Irrespective of the
total projectile energies used, we observe a pronounced increase of total electron emission yields when the
energy for motion normal to the surface exceeds about 25 eV. Based on energy loss spectra and classical
computer simulations of projectile trajectories we attribute electron emission under these scattering conditions
to a promotion mechanism in binary collisions between Ne and Al target atoms resulting in single and double
excitations of projectiles.
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Emission of electrons induced by impact of atomic pro-This type of translation energy spectroscopy was success-
jectiles on solid surfaces is an.important issqe in applic_ationmlly used to reveal the relevant electronic excitation and
related to, e.g., surface analytical tools, particle detection, ogemission processes for atom impact on surfaces of ionic
plasma wall interactions. Aside from this feature and numercrystals'415
ous fundamental studies on this topic, a microscopic under- |n the experiments, Ne atoms specularly scattered from an
standing of the relevant interactions mechanisms is far fronp[(111) surface are recorded by means of a multichannel-
being complete. For impact of atoms and ions on metal surplate detector which provides the start signal for our time-of-
faces, a basic mechanism for electron excitation and emistight (TOF) setup'®® The electrons are detected by means
sion is considered as energy transfer in binary collisions withof a surface barrier detector biased to a high voltage of
conduction electrons? In more detail, the emission of elec- 25 kv where the pulse heights are proportional to the num-
trons results from a complex interplay of primary excitation, ber of emitted electrons. The experiments are performed un-
electron transport, and crossing of the vacuum-solicer ultra-high vacuum conditions in the lower tbmbar
interface® At small incidence angles with respect to the sur-regime with a carefully prepared clean and flat14l) tar-
face planesurface channeling, i.e., steering of projectiles byget. Details concerning our setup and experimental proce-
atoms of the topmost crystal layer and no penetration into thgures are given elsewheYeln passing we note that use of
bulk) we could recently show for H and He atoms that elec-neutral projectiles eliminates contributions of potential elec-
tron emission near the respective kinetic threshold is fairlytron emission.
well described in terms of a binary encounter model taking In Fig. 1 we show total electron yieldg as function of
into account the phase space of a free electron*de®.  projectile energy for Ne atoms scattered from arf1Al)
larger grazing angles of incidence and heavier noble gas asurface under grazing angles of incidengg ranging from
oms, electron promotion in binary collisions of atomic pro-1.3° to 5.5°. We reveal a pronounced enhancementwith
jectiles with target atoms was identified as relevant electromcreasing angle combined with a shift toward smaller pro-
emission mechanisAt?. jectile energies. Note that in the plot of the data energies for

Recently, Lérigik and Sroube¥ explained electron a5

emission for collision of slow Ne atoms and ions impinging ]
on a Au surface in terms of a nonadiabatic perturbation of the sof Ne’-Al(111) ]
Fermi gas due to the rapid passage of projectiles through the o o 1.3 deg o’ v

surface. Their conclusion was based on molecular orbital -2 25 A A 22deg . o 1
correlation diagrams for Ne-Au which indicate that electron § .ol X : 3;33:: . v A
promotion is negligible for impact energies below about %o &  55deg o ® v J
3 keV. Motivated by this interesting subject, we have inves- © 15f v .
tigated the mechanisms of electron emission for collisions of :3 wol >0 vV A ]
atoms with a surface under a grazing angle of incidence. In ' * e v N ]
this regime of surface scattering, projectiles are reflected in a o5} * . v a A J
sequence of small-angle scattering from the topmost layer of e v s 8.8 fgooao

the surface with defined trajectori€st?A key feature of our °-°0‘°“3"'°“'—"5 0 15 20 %

experimental method is based on the coincident detection of
the energy loss of scattered projectiles with a specific num-
ber of emitted electrons per particle impact. This allows us to  FIG. 1. Total electron yields as a function of projectile energy
relate the total inelastic processes during the scattering evefur scattering of Ne atoms from Al11) under different angles of
with the surface to a specific number of emitted electfdns. incidenced;,. Full symbols denote data fd,> 25 eV.

projectile energy (keV)
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1400 T T g between atomic projectile and valence electrons in the sel-
1200 16keV N - A1), ©,=13deg 1100 vage of the surfagé.'f'he full width at half maximum of the
energy distribution of the incident 16 keV He° beam
1000+ e— 1% amounts to 20 eV. This distribution causes small finite sig-
2 g0 o 1o 8 nals at zero and negative energy loss.
g R 8= noslecton 180 § For larger anglegcf. Fig. 3 the spectra are clearly differ-
8001 ~ o7 oneslecton 1 5 ent. A striking feature of the data is a substantial shift in
400 - energy of the peaked structures in the spectrum related to the
200 20 emission of one electron. Two broad peaks can be identified
o showing energy shifts with respect to the zero-electron spec-
nal0R] o trum of about 35 e\(peak “B”) and about 75 e\{peak “C").
0 s 100 180 200 250 Such structures cannot be explained by excitations in binary
energy loss (eV) encounters with valence electrons, since the maximum en-

ergy transfer to valence electrons amounts to 5.4 eV only as
Balculated with a Fermi momentun klerived for bulk elec-
tron densities of Al. From literature on this subject we iden-
tify these features as electronic excitations of Ne projectiles
in binary collisions with individual Al atoms of the topmost

) surface layet! These excitations proceed in terms of elec-
the motion normal to the surface plaBglarger than 25 eV on promotion of transient molecular orbitaO) formed

are represented by full symbols. Since our experiments a§uring the collision§:101819 For sufficiently small impact
performed in the regime of surface channelitg, deter-  5ameters, electron promotion leads to excitation and ion-
mines the distance of closest approach to the surface plang;iion of Ne atoms in collisions with atoms in the gas phase
during the complete scattering evefcritical energy” o 5t 4 solid surface. Xat al 17 reported for collisions of Ne
amounts to abouE,=220 eV her&)). We reveal a relatively it 5 polycrystalline Al surface a threshold energy of about

efficient emission of electrons for normal energies exceedingsg oy atey,=20°; this compares well with the transverse
about 25 eV, whereas for scattering under smaller angles a@nergy of alt?out 2’5 eV observed héoé. Fig. 1).

smaller E, noticeable electron yields are only detected at The TOF spectrum coincident with the emission of two
higher projectile energies. electrons has a clearly smaller intensity and shows a maxi-

The different behavior for impact under smaller and Iargermum(peak “D") close to peak “C” of the one electron spec-
E, can be attributed to different electron emission mechay ;m. The tail at low energy losses is assumed to stem pri-

nisms as concluded from TOF spectra for respective angles arily from spurious electrons produced at slits, etc., of our
of incidence. Figure 2 shows TOF spectra for 16 keV Nesetup.

atoms scattered undef,=1.3°, Fig. 3 spectra for 5 keV Ne  £qor 3 more detailed interpretation of data one has to take
atoms scattered undef,=5.5°. The spectra are recorded in jnig account that sufficiently small impact parameters are
coincidence with the emission of no electrdull circles),  needed for electron promotion. For the present system we
one electron(open circley and two electronsfull triangles  ostimate from MO correlation diagrams for Ne-@Ref. 10

in Fig. 3). For small angleFig. 2) we observe a small shift j,nact parameters of about 1to 1.2 a.u., i.e., distances
between the two spectra of about 10 eV with the shape Qfnich can only be achieved for surface channeling of kilo-

spectra being unchanged. This slight shift is consistent with @jectron-volt atoms for incidence angles of several degrees.

model of electron excitation in head-on binary encountersriis feature has important consequences on the projectile
energy loss. Peak “B” showing a lower energy loss in the

FIG. 2. TOF spectra converted to energy loss scale for scatterin
of 16 keV Ne atoms from AlL11) under ¢;,=1.3°. Full circles:
emission of no electrofileft scalg, open circles: emission of one
electron(right scale.

SkeV Ne’ - Al(111),0,=55deg |, - Qne—electron spectrum in Fig. 3 is identified with the ioniza-

A B tion of the projectile. This loss is, however, clearly higher

4000 3 : "°°'::‘°" than the ionization potential of 20.6 eV for Ne atoms. Based
Q¢ _‘_::;m':'s 300 on computer simulations of classical trajectories for the
g 300 E present collision system we attribute the enhanced energy
§ 1200 loss in the experimental data to a specific energy transfer to
2000 lattice atoms at sufficiently small impact parameters needed

for electron promotion.
1000 |- 1'% Figure 4 displays a calculated spectrum for the energy
" transfer of 5 keV Ne scattered from (A1) under ®;,
0% 50 75 100 125 150 175 " =5.5° In our computer simulations trajectories of 100 000

atoms are calculated in terms of classical mechanics using

pair potentials with Ziegler, Biersack, and Littmark
FIG. 3. TOF spectra converted to energy loss scale for scatteringcreening® and taking into account thermal vibrations of lat-

of 5 keV Ne atoms from AlL11) underd;,=5.5°. Full circles: emis-  tice atoms in the Debye mod®&.The distribution for dis-

sion of no electror(left scalg, open circles: emission of one elec- tances of closest approach to specific Al target atopsand

tron (right scal@, full triangles: emission of two electronsight  the resulting energy transfer is plotted in the upper part of the

scale. figure. Impact parameters amount from about 0.9 a.u. to

energy loss (eV)
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7" T 6 keV Ne- AK{11), 0. =55 de oo derive estimates on the relative contributions of the relevant
8 14  Pn = 22000 2 excitation mechanisms by comparing intensities in the TOF

£ 12] 800 § spectra for emission of a specific number of electrons. From
€ 1o & the spectra related to the emission of no, one, and two elec-
& o600 B trons we deduce from the integral intensities in Fig. 3 the

B 08 % probabilities for the emission of electronsW, and obtain a

é 0.6 140 @ total electron emission yield

HED TR |, B - -

o ‘min p U 1200 2

8 o2 5 y=2 W, xXn / > W,~0.2. (1)

3 00 T o n=0 n=0
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energy transfer (eV)

We note that the method of coincident combination of
TOF and electron number spectra provides also information
on events related to no emission of electf§rso that reli-

FIG. 4. Computer simulations on elastic energy transfer to Al .
X . able small total electron yields can be measured. As can be
lattice atoms for specular scattering of 5 keV Ne atoms from.

Al(111) under®;,=5.5°. Full circles: distance of closest approachJUdgeld from the peaks B C’h an_dIdDh in the cl)nel- and
to specific Al atomg = 1.2 a.u., open circles; < 1.2 a.u.. two-electron spectra in Fig. 3, the yie ere results in com-

parable parts from single excitation with ionization and from

b 15 F his distributi . double excitation with autoionization and double ionization.
about 1.5 a.u. From this distribution we generéséastio Relating the intensities of peak “A” representing the elas-

energy loss spectra for impact parameters smaller and 1arggE events to the rest of all spectra gives the overall fraction
than 1.2 a.u. which is estimated as the threshold for electrogt ejectronic excitations which amounts to 50% here. Com-
promotion of the 4o level to vacuum energies in the MO parison of the intensities of the foot structure of peak “A”
model. A striking feature of the two spectra is a shift in (electronic excitations related to the emission of no elegtron
energy transfer by typically 10 eV. Thus the observed energwith the peaks in the one- and two-electron spectra shows
loss in the spectrum shown in Fig. 3 can be explained byhat 35% of the excitations are accompanied with emission
ionization of the projectile and an enhanced energy transfesf electrons. This analysis demonstrates the possibility of
to Al lattice atoms in collision with impact parameters gaining specific insights concerning the interaction scenario.
needed for MO promotion. These impact parameters aré view of the complexity of the relevant processes a detailed
clearly smaller than those for scattering of projectiles with-interpretation of the data is beyond the scope of the present
out ionization(and electron emissigricf. spectrum in Fig. 3  paper.
for emission of no electrons In conclusion, we have performed studies on electron
The simulations also reveal that most of the measure@mission during grazing scattering of fast Ne atoms from an

projectile energy loss at 5 keV related to no excitations ofAl(111) surface. The coincident detection of energy loss of
projectiles(peak “A”) stems from elastic collisions with sur- scattered projectiles via a TOF method with the number of

face atoms. Contributions from excitations of conduction€Mitted electrons provides detailed information on the elec-
electrons of the metal are clearly smaller in this case tronic interaction mechanisms. We observed a transition of

The second broad feature in the spectrum related to emig_lectron emission from binary encounter excitation at small

sion of one electrofpeak “C") is ascribed to double electron 323';3|§: grmgr?nl%i toojr F\)/:/zmoflsori]nn;iigfglivmhforrér\?izizt
promotion resulting in the formation of doubly excited 9 ges. P

2p% nin’ I' Ne** levels (excitati ies | th b tstudies on this subject showing the relevance of electron pro-
pn n56 e " Ievels (excriation energies larger ! ani OUt motion for electronic excitations and electron emission dur-
45 eV)>° and in double ionization of Ne atom&p* Ne™)

e : ing atom/ion impact on metal surfaces. Furthermore, we
(excitation energies larger than about 63)eVhe doubly  have demonstrated the considerable potential of our tech-

excited terms have been shown to decay via autoionizatioRjque with respect to a detailed analysis of the relevant elec-
under emission of an electrdrSince the lifetimes of these tronic excitation and interaction mechanisms.

terms are sufficiently long with respect to typical interaction
times with the surface, autoionization takes place on the out- ACKNOWLEDGMENTS
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