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Plasmon production by the decay of hollow Ne atoms near an Al surface
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Measurements of low-energy electrons emitted by 4.5-ke¥"Nen impact on an Al surface are discussed
for incident charge state3=1-6. Spectral structures found near 11 eV are attributed to the decay of bulk
plasmons. A method is given to determine absolute values for the experimental electron yield from the plasmon
decay. Absolute plasmon yields are studied as a function of the incidence angle of the projectile and the
observation angle of the electron. A cosinelike angular distribution is found for the ejected electrons indicating
that the plasmons decay well below the surface. The experimental data are compared with model calculations
providing information about the plasmon production mechanisms.

PACS numbgs): 79.20.Rf, 34.50.Dy, 71.45.Gm, 73.20.Mf

[. INTRODUCTION feature of a highly charged ion is its large potential energy.
Hence, plasmon creation may be enhanced when potential
Valence electrons in metals can take part in quantize@nergy effects become significant. The large potential energy
collective oscillations known as plasmons. The excitation ofof highly-charged ions has attracted much interest in studies
plasmons by charged particles can be described within thef ion-solid interactions(see[19] and references thergin
framework of the free-electron-gas approximatidn2] in ~ Above the surface, highly-charged ions strongly attract sev-
conjunction with the random-phase approximatidRPA) eral electrons that are resonantly captured into high Rydberg
[2,3]. For nearly-free-electron metals.g., A) plasmons de- states whereas inner shells remain empty. Thus, the projec-
cay predominantly by transferring energy into a single Va_t”eS evolve into hollow atoms whose formation and decay
lence electron in an interband transitiph5]. Hence, elec- imply various novel processes.
trons of characteristic energies are ejected from the metal When a hollow atom enters into the solid the remaining
providing a signature for plasmons that can experimentallyRydberg electrons are removégeeled off or enter into the
be studied by means of electron spectroscffpy8]. Most ~ solid to participate in the formation of a strong screening
previous experiments with ion impa—9] have been per- cloud of conduction-band electrons referred to asGhutoud

formed using fast projectiles that create plasmons via dired20]- The C cloud leaves inner shells empty so that a com-
Coulomb excitation. However, this mechanism is con-pact hollow atom is formed below the surface. When the
strained by momentum and energy conservation and thd@OHOW atom moves within the solid, it transfers its potential
requires a threshold velocity, corresponding to a minimunenergy via Auger transitions and collisional charge transfer
energy of about 33 eV for electron impact and 40 keV/u for[21,22. Moreover, the interaction of the hollow atom with

heavy particles incident on AlL0]. the solid leads to the production of plasmons by potential-

Recently, evidence for plasmon excitation has been proenergy effect$12].
vided from electron emission spectra produced by ions with In this work we study plasmon creation by the impact of
energies below a few keY11-15. In those studies, it was 4.5-keV Né€ on Al with charge states from=1-6. The
commonly accepted that mechanisms different from direcglectron spectra indicate structures near 11 eV associated
Coulomb excitation are important, especially for heavy ionsWith the decay of bulk plasmons which remain significant for
However, different ideas have been put forward to interpregharge states as large @s 5. Our previous experiments for
the creation of plasmons by slow ions. Various groupsan observation angle of 7412] were extended with mea-
[11,12,16-18 have considered plasmon-assisted capturgurements for which both the incidence angle of the projec-
processes where the transfer of potential energy from thtle and the observation angle of the electron were varied. A
projectile produces a plasmon. On the other hand, kinetipectral analysis is introduced to obtain absolute yields for
energy effects have been taken into consideration for protoplasmon production. The experimental results are compared
impact[13,14. Recent theoretical calculations have shownto model calculations of the cascading decay of hollow at-
that high-energy electrons liberated in binary collisions withoms, which involve potential-energy transfers including the
the projectiles may produce plasmons in secondary colliselective creation of bulk plasmons at a few atomic layers
sions, even at subthreshold ion velocitjas)]. below the surface.

Here, the attention is focused on slow heavy ions incident
on a surface with a high charge stf1€]. The characteristic Il EXPERIMENTAL METHOD
The measurements were carried out at the 14.5-GHz elec-

*Permanent Address: Laboratory for Atomic and Surface Physicdron cyclotron resonancéECR) source at the lonenstrahl-
University of Virginia, Engineering Physics, Charlottesville, Labor (ISL) in Berlin using an ultrahigh vacuum chamber
VA 22901. equipped with a rotatable electron spectromg2&:24]. The
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TABLE I. Electronic transition energy from the bottom of the
conduction band of Al to the 2 level of a hollow Ne atom which
contains a number of 2 vacancies. The results are based on total

energies evaluated using the density-functional th¢@g}. Note

that the transition energies may be reduced by electron promotion
effects when the hollow Ne atom collides with an Al lattice atom
[21].

Number of 2 vacancies 1 2 3 4 5 6

10'3 I Plasmons

d®Y/dE dQ (e'/sreV

128 23.6 334 456 56.7 68.8

Transition energyeV)

10" E

Ne'* projectiles forq=2,3, and 4 are seen with centroid
energies near 22, 34, and 46 eV, respectively. The increase
of the L-shell Auger electron energy with charge are given in
Table I, indicating that the energy liberated by electron tran-
trons produced by a 4.5-keV e incident on an Al surface. Itg) sitions into the Ne. shell becomes larger as the number of
the spectra are obtained for the projectile charge states—6  Ne 2p vacancies increases. Apart from the projectile Auger
[12]. The incident angle ig/=45° relative to the surface plane and electrons, the spectrum in Fig(al shows distinct peaks near
the observation angle i8=75° relative to the surface normal. In 63 eV due to the Auger decay of Ap2vacancie$7] excited

(b) Ne** spectra are given for the observation angte 15° and  in binary collisions with a hollow Ne projectilg21] or in
different incident angleg/=20°,30°, and 60°. The maxima labeled Al-Al collisions involving fast recoils[32]. A significant

Al 'and Ne are due th-shell Auger electrons from the Al target and fraction of these electrons originates from sputtered Al de-
the Ne projectile, respectively. caying outside the solid.

Figure 1b) shows electron spectra observed at an emis-

experimental method has been presented bdfb2e25 so  sion angle ofg=15° for different incidence angles of the
that only a brief description will be given. Beams of 4.5-keV Ne** projectiles ¢/=20°,30°, and 60°). Th@=15° spec-
Ne?* (q=1-6) ions were collimated to a diameter of abouttra in Fig. Xb) are larger in intensity than the corresponding
1 mm and directed onto a clean Al target. The pressure in thhe*” spectrum observed @=75° in Fig. 1a) due to the
chamber was a few 13° mbar. The emission of electrons cosB dependence of the electron emissisae below. Also,
from the target was measured using an electrostatic parallelhe spectral intensity increases with decreasing incidence
plate spectrometd6]. The spectrometer efficiency and the angle . This finding is likely due to an increase of the
ion current were determing@3] so that absolute values for interaction time of the hollow atom near the surface. Apart
electron emission yield could be measured. The experimentdlom the Ne and AL-shell Auger maxima mentioned above,
setup was optimized to accurately measure low-energy eleene finds a distinct peak at 22 eV, labeled*Newhich can
trons [27]. Our experience shows that the spectrometer ide attributed to above-surface emission of Auger electrons
capable of measuring reliable electron yields for energies aom Ne with two vacancies in the shell[33]. This shows
low as 2—4 eV. that a noticeable fraction of the Kie projectiles captures
Figure Xa) shows experimental results for the double dif- two electrons into the. shell and undergoes an-shell—
ferential electron emission yielll(E)=d?Y/dQ dE at an  Auger-electron transition in front of the surface. As expected
angle of incidence ofy=45° and an observation angle of this above-surface capture is enhanced with decreasing inci-
B=75° relative to the surface norm@l2]. The electron dence angle of the projectile as seen in Fig)1
spectrum for each charge state exhibits a maximum at low The structures due to bulk plasmon decay are expected
energies. For kinetic electron emission, a maximum is exnear 11 eMFig. 1). To enhance the visibility of the plasmon
pected at about 2 ef28-3( and, indeed, observed for low Structures, which are superimposed on an intense back-
projectile charge statege.g., N€). The kinetic electron ground from other processes, it is common practice to differ-
emission peak exhibits a shift in energy with increasingentiate the measured electron intensit(E) [4]. Results
charge state, which calls for further studies. Moreover, infor g=1,2, and 4 are presented in Fig$a)2-2(c) [12]. Note
Fig. 1(a), one can see a significant increase of the electroithat the derivativel N/dE increases with charge state simi-
yield with increasing charge state. This is due to the increaskrly as the original spectra in Fig. 1. The derivativi/dE
of potential electron emissiof31] which is found to be for q=1 clearly shows a structure near 11 eV which is com-
roughly proportional to the corresponding potential energy. monly attributed to bulk plasmons. This structure is en-
Electron emission by highly charged ions is primarily hanced foilg=2 but becomes less pronounced in comparison
caused by dielectronic processes above and below the sumith the background as the charge state further increases to
face[27]. Above the surface, autoionizing transitions amongg=4.
high Rydberg states give rise to electron energies as low as a As in previous wor11,12,17 we consider excitation by
few eV, whereas Auger transitions in inner shells take placgotential-energy transfer as a primary mechanism for plas-
primarily below the surface, especially for highly chargedmon production by slow heavy ions. This mechanism in-
projectiles. The emission df-shell Auger electrons from volves the capture of a valence electron intolthehell of the
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FIG. 1. Double differential emission yield®Y/dEd() for elec-
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FIG. 3. Method to determine absolute electron yields originating
from plasmon decay. I@) a Lorentzian function is shown with a
width of I';=0.5 eV representing thénitial Distribution of the

FIG. 2. DerivativedN/dE of the double differential emission €nerdy liberated by the plasmon dedapifted to the Fermi energy
yields given in Fig. 1. The results ita), (b), and(c) refer to 4.5- Er=11.2 eV of A). In (b) the Density of State# the Al conduc-
keV Né'* impact whereg= 1,2, and 4, respectively. i), (), and  tion band normalized to unity & is compared with th&onvo-

(f) the corresponding data are shown after subtraction of the corjuted curve obtained by convoluting the density of states with the

tinuous background. The experimental data are fit with Gaussiaf'itial energy distribution. The curve labeldaerivative represents

functions using a constant centroid energy and width. the (negative derivative of the convoluted curve. Alsti) shows a
curve labeledrransportedwhich includes electron transport effects

Ne projectile, which provides the energy for plasmon cre-Py the solid, such as attenuation and refraction.

ation[16]. However, other mechanisms for plasmon creation

may be considered. Note first that Ne orbitals higher than the Er

2p shell cannot participate in the bulk-plasmon creation, F(S)ZJ'O L(e+U—E,Ep,I'y)D(E)dE, @)

since those orbitals are not bound inside the §@&. How-

ever, energetic electrons produced directly in collisions as

well as Auger electrons may excite plasmons when travelingvhereU is the potential step at the surfatEs.5 eV for Al

. . ) 0 -
8 10 12 14 16 8 10 12 14 16
Electron Energy (eV) Electron Energy (eV)

through the solid13]. ande is the energy of the plasmon-decay electron outside the
solid. The result of the convolution is represented by the data
. SPECTRAL ANALYSIS AND ANGULAR labeledConvolutedn Fig. 3(b) whose integral remains equal
DISTRIBUTIONS to 2E¢/3. [The convoluted curve was shifted in energy so

that a direct comparison is possible with th¢E) curve]

To obtain more information about the mechanisms for The crucial point of the present method is that the deriva-
plasmon production, absolute values for the correspondingve of the F(&) curve, also given in Fig. 3), reproduces
electron emission yield were extracted from the electrorgjosely the initial energy distribution of the plasmon. Thus,
spectra. The principles of the procedure are shown in Fig. he intensity of the plasmon-decay electrons is obtained from
The energye,, liberated by the decaying plasmon is deter-the integral of theDerivative curve multiplied by E(/3. It
mined by the Lorentzian functiod(e,,E,,I'y) involving  should be noted that this factor is independent of the shape of
the plasmon energ,=%w, and decay width',. In Fig.  the initial plasmon energy distribution. To account for the
3(a) the Lorentzian, represented by the curve labéfétial  transport of the electrons, attenuation and refraction effects
Distribution, is normalized to the unit area. The energy dis-have to be considered:; this leads to the curve labEtads-
tribution of the electrons excited from the conduction band isportedin Fig. 3(b). When theTransportedcurve is normal-
obtained as a convoluting over the normalized density ofzed to theConvolutedcurve nearEr, the transport effects
statesD(E) =N+/E for E<Eg, see Fig. &). With the nor-  are found to be smallthe factor Eg/3 is reduced by

malization factolN = E;l’z the integral of theD(E) function =~ ~20%). It is noted that the density of states of the conduc-
is obtained as E/3. The convolution is performed by the tion band is distorted by the presence of a charged patrticle.
integration For low charge states, such distortion has been found to be
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FIG. 5. Angular distributions of electrons from plasmon decay
obtained by 4.5-keV N¥ impact on Al. Both the angleg relative
“to the surface normalupper scalpand « relative to the surface
plane(lower scalg are shown. Ir(a), (b), and(c) data are given for
the incidence angleg=20°,45°, and 75°, respectively. The ex-
perimental resultgpointy are compared with cosine functions nor-
malized to fit the experimental datdashed curves

FIG. 4. Angular distribution of electron yields obtained by 4.5-
keV N&* impact on Al. The results refer to electrons due to plas
mon decay(a) and the total amount of continuum electrofis.
Both the angleg relative to the surface normalpper scaleanda
relative to the surface plangower scal¢ are shown. The experi-
mental resultgpointg are compared with cosine functions normal-
ized near the angle=90° (dashed curveand with model calcu-
lations based on Ed4) (solid curvg. Note that the model results
are multiplied by 1.6. 2. The results for N&" projectiles are given in Fig. (4)

which refer to the absolute values of the plasmon yields dif-
small [13]. These effects, however, may increase with in-ferential in angle[25]. The lower and uppex scales show
creasing projectile chard@2,47|. the electron observation anglesand 8 measured relative to

Figure 2 shows examples for the analysis of the experithe surface plane and surface normal, respectively. The ex-
mental derivative curves. After background subtraction thesperimental results are seen to follow closely a normalized
curves were fit by Gaussian functions. From Fi¢e)dt is  cosine distribution, providing evidence that the plasmons are
seen that the width of the derivative curve is relatively largeproduced(and decaywell inside the solid. Plasmon excita-
(2.8 eV) showing that broadening effects have altered theion will be analyzed in more detail when the model calcu-
peak profile from a Lorentzian to a Gaussidfig. 2). This lations are discussed below. To demonstrate that the cosine
may partially be due to the transfer of finite plasmon mo-distribution is not always found, Fig.(Hd) shows the angular
menta which causes a variation of the plasmon end&gy distribution of electrons integrated over all energies. The
[4]. Fortunately, as noted above, the deduction of the absadata exhibit an angular dependence that is weaker than the
lute plasmon yield is independent of the shape of the derivacosine dependence. This may indicate that some of the low-
tive curve. It should be realized that the background subtracenergy electrons are created outside the solid. In Fig. 1 the
tion involves uncertainties which influence primarily the left- spectra are governed by low-energy electrons that may be
hand side of théerivative curve. Therefore, the right-hand produced by autoionizing transitions in higher Rydberg
side of the derivative curve was preferentially used for the fitstates formed above the surfd@s].
in Fig. 2(f). Figure 5 gives the results for incident Neobtained us-

It should be recalled that the data in Fig. 2 refer to a singléng the same fit procedure as before. The experimental data
observation angle £4=75°). For Né" and Né* impact, are seen to closely follow normalized cosine functions, pro-
electron emission yields have also been measured for variowsding again evidence that the plasmons are produced well
observation angles of the electrons. The knowledge of thénside the solid. For N& projectiles we studied the plasmon
angular dependence is crucial for different reasons. First, it igield with respect to a varying incidence angle of the projec-
well known that electrons originating in the bulk of the solid tile. In Figs. 3a)—5(c) results are shown for incidence angles
exhibit a cosinelike angular dependeri@d]. On the other of ¢y=20°,45°, and 75°, respectively. It is seen that the plas-
hand, electrons originating from shallow surface layers aranon yields are relatively small at the gracing incidence angle
expected to exhibit a more isotropic emissipa3,24. of 20°. The data are largest at 45° whereas a decrease is
Hence, the observed angular dependence of the plasmoaobserved for 75°. These findings may indicate that at small
decay electrons provides information about the depth of thangles the incident hollow atoms are partially deexcited in
plasmon production. Furthermore, information about the anfront of the surface by Auger neutralization or by production
gular dependence is required when total yields of electronsef surface plasmons. In this case, the projectiles lose their
ejected into the hemisphere above the surface are evaluatability to excite bulk plasmons. At large angles the ions

For the angular dependent emission yields we performetravel deeply into the solid so that both secondary electrons
an analysis of the spectral derivatives similar to that in Figand electrons from the plasmon decay are attenuated. Thus,
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an optimum value for plasmon excitation may be expected at TABLE Il. Branching ratios for plasmon production for differ-
intermediate incidence angles near 45°. ent numbers of vacancies in theshell of Ne(from the work by
Diez Muiro [44]).

IV. MODEL CALCULATIONS Number of 2 vacancies 1 2 3 4

In the past, for the cascading decay of hollow atoms, vari- . .
ous models have been developed that can be divided into tw%ranchmg ratio 0.53 035 005 <001
groups:(i) models treating the mean number of electrons in a
given shell[35—3§ and (ii)) models treating the occupation
number of individual configuration®21,39—41. For the lat- dy, f, AL - &
ter case, we shall present an analytic evaluation describing
the first step of the filling sequence of a hollow atom. This
formalism exhibits the various parameters relevant for the
creation of plasmons by slow ions. For the yields of Ne ]
L-shell Auger electrons, we shall consider an extension oft shows that the angular dependence may vary from an iso-
the model referring to a combination of the mean-charge antropic (\ I's>1 andB’ = B) to a cosine dependencg (g
configuration methodg42]. <1). The latter case refers to a significant attenuation within
When a highly charged ion such as Neenters into a the emission depth of the electrons.
solid, the screening cloud of valence-band electrons is rap- It is recalled that Eqg3) and(4) are limited to describing
idly formed around the ior{in ~10"*® se9. Then,LCC  only the first step of the decay sequence for hollow atoms.
Auger transitions take place with the rdigcc reducing the  More information about the further steps of the decay se-
Charge Statﬂ in the L shell. Similar effects lead to plasmon guence may be obtained from REZ_’L], where also most of
creation with the ratd’y, . Since the production of plasmons the model parameters are given. In particular, forltkshell
andL-shell Auger electrons are competing processes we Us§ccupation numbel= 0 we adopted the Ne-shell filling
the branching ratiob; =T'; /I, wherel'\ =I" cctI'pjisthe  rate ' =5x10°% a.u. [21]. For =7 the rate| =2
L-shell filling rate and the label stands either for plasmon % 1072 a.u. was chosef43] and a linear interpolation was
creation orL-shell Auger transitions. performed to obtain the rates for the intermediate valuds of
Besides plasmon and-shell Auger-electron production, The pranching ratiod,, for plasmon production by Né
collisional charge transfer with the rakg, may fill the Ne  have been calculated by & Muiro [44]. The results are
L shell[21]. Hence, the occupation numbil of the initial  given in Table Il indicating that plasmon production is sig-
configuration, decaying with the sum rale=I' cc+I'p; nificant for N&* with charge stateg=1 and 2, whereas it
+1col, is obtained adly=foe™ s, wheref,, is the survival  pecomes negligible for higher charge states. To determine
fraction of the N&" ions in front of the surface. Timé  the attenuation length, no unique method is available. For
transforms to deptlz=v,t by means of the vertical ion ve- )\ we used a value of 14 a.u. for plasmon-decay electrons,
locity v, and rates are defined in terms of unit depth, i.e.taken from an analysis using a Monte Carlo calculafif.
I''=T_/v,andT=T/v,. Assuming isotropic ejection of An example for model calculations are given in Figa)4
electrons from plasmon decay and frawshell Auger tran-  which shows theoretical results for electron emission by
sitions one obtains for the electron yield per unit solid angleplasmon excitation through Ké impact on Al. The model

_—= = b,I' COsp. 4
dQ 4w 1+)\LFSCOSB’ : L8+U s ()

and depth calculations were performed witly=1 using Eq(4) for the
first step q=2) of the decay sequence of the hollow Ne.
dy; fo ~ 7, Similarly, the contribution of the second steg=1) was
dQ,dZ=EbiFLe <, (2)  evaluated as in Ref21]. The contributions from the two

steps are found to be of similar importance showing that Eqg.

. .. . (4) is not sufficient for the present case. The model calcula-
where primed quantities such as the solid aniflE' refer to tions are found to follow closely the cosine function. How-

inside the solid. Finally, electron transport effects are taken ) 0
into account to obtain the emission yield outside the solid ever, the theoretical results are about 60% smaller than the

experimental daténote that the model results are multiplied

by 1.6.
v f_oefﬂALcosB’b_fLﬂeffsz_ (3) To obtain information about the location of the plasmon
dQdz 4x ! (e+U)cosp’ production, we performed calculations of the depth-

dependent electron yield. The results are plotted in Fig. 6
It is recalled thal is the potential step at the surface and showing the electron yield for the angles of 0° and 75° as a
is the electron energy outside the solid. Due to refractiorfunction of the emission depth. For 0° results are also given
effects the emission angJ@’ inside the solid is altered t6  without attenuation, indicating that attenuation effects are
outside the solid relative to the surface normal. The transpoiitmportant in the present case. The first step=@) of the
of the electrons is approximately taken into account by exdecay sequence follows an exponential function as predicted

ponential attenuation involving the attenuation lenyth by Eq. (3). The contribution of the second steg=1) is
Equation(3) can readily be integrated over the emissionfound to be significant. As mentioned above, the two steps
depth z contribute by about equal amounts.
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by impact of 4.5-keV N&" on Al as a function of the depth In (a) FIG. 7. Projectile charge state dependence of electron yields for

results are shown without attenuation but with refraction for an4.5-keV Né&* impact on Al. The results refer to electrons produced

observation angle oB=0° relative to the surface normal. Ilp) by plasmon decaga) and NeL-Auger transitiongb). The observa-

and(c) results with attenuation are given for the observation angldion angle is=75° relative to the surface normal. The experimen-

B=0° and 75°, respectively. tal results(pointg are compared with model calculations using Eq.
(4) for the first step(without above-surface emissipand the cas-

cade formalism from Ref.21] (solid curve for all steps.
V. CHARGE-STATE DEPENDENCE

In addition to angular distributions, electron yields from the theoretical curve with increasing charge state may be
plasmon decay were determined as a function of the charggnderstood.
stateq of the incident N&* ion. Figure 7a) shows that the In view of the discrepancies between the experimental
plasmon decay yield increases significaritigarly by a fac- and theoretical plasmon results, we may consider mecha-
tor of 2) as the charge statgchanges from 1 to 2. For higher nisms different from the potential-energy transfer. Similar to
charge states, however, the plasmon decay yield remairtee case of proton impa¢fi3] plasmons may be excited in
constant within the experimental uncertainties. Figufe) 7 secondary interactions with high-energy electrons produced
shows the corresponding electron yields for NeAuger by the incident ions. The energies of electrons that are ca-
emission, also obtained from the spectra in Figsée the pable of exciting plasmons must exceed the threshold value
peaks labeled Nelt should be pointed out that for decreas- of 18 eV. From Fig. 1 it is seen that the electron spectra
ing projectile charge state it is difficult to separate the Neexhibit long tails that reach into the range above the thresh-
L-shell Auger intensity from the continuous background.old. These electrons may partially be responsible for the ob-
Therefore, in Fig. {) we show Auger data for charge states served production of plasmons. Continuous electrons with
=3 only. In contrast to the plasmon decay data, the Neenergies larger than 18 e(83 eV inside the solid measured
L-shell Auger yield increases significantly with charge statefrom the bottom of the bandare displayed in Fig. 8. It is
Considerations of the Ne-shell Auger electrons are impor- seen that the yield of continuum electrons is rapidly increas-
tant, since they are produced by potential-energy transfeng with the projectile charge state so that the continuous
processes similar to those responsible for plasmon creatiorelectrons are expected to gain importance at high charge

In Fig. 7 the charge-state dependence of the calculatestates. It is seen that the yield of the electrons above 18 eV
yields are compared with the experimental data. Recall thathanges by a factor of 20 as the charge state of the incident
the data refer to an electron emission angle of 75° relative t@ons increases fromq=1-6 (see Fig. 8 This is consistent
the surface normal. Figure(d shows that the calculated with the finding in Fig. Ta) that the deviation between the
electron yields from the plasmon decay are in reasonabltheoretical and experimental data for the plasmon creation
agreement with experiment for the low charge states. In paiincreases with increasing projectile charge state.
ticular, the theoretical data show a similar increase as the Since the Nd.-shell Auger-electron production competes
experimental results when the charge state increasesdromwith plasmon creation, it is instructive to study also the emis-
=1 to 2. However, when the charge states further increasesjon yield of those electrons. In this case, above-surface ef-
we observe raising discrepancies between theory and expefects[not modeled by Eq4)] may become important so that
ment. It is recalled that the plasmon-assisted capture procesge used the extended formalism in which the corresponding
is favored for the charge statgs=1 and 2(Table Il). These differential equations had to be solved numeric@dlg]. It is
charge states are produced at the end of the filling sequenéeund that the above-surface emission of Nehell Auger
of the hollow atom so that the plasmon creation depth inelectrons for an incident angle of 45° is relatively small and
creases with increasing charge state. Hence, attenuation eéhe survival factorf, remains close to unity. The model cal-
fects become increasingly important so that the decrease cfilations, which include also higher steps of the decay se-

052902-6



PLASMON PRODUCTION BY THE DECAY OF HOLLOW. . .. PHYSICAL REVIEW /41 052902

I ] by multiply charged neon moving slowly in Al. First of all, it
- } is found that the plasmon production takes place well within
Continuous Electrons >18 eV » the solid, since the angular distribution of the electron ejec-
I . ] tion closely follows a cosine distribution. This finding pro-
| vides the basic condition for the search of the mechanisms
, for plasmon production.
’ Primary attention is devoted to capture processes which
provide the potential energy necessary for the plasmon cre-
ation. The analysis of plasmons is accompanied by an analy-
* sis of projectileL Auger transitions. This is done because for
4 neon projectiles the production of plasmon dndhell Au-
’ ger electrons is based on the same potential-energy effect.
. For small incident charge states, the experimental and theo-
0.02F ;7 ) retical results for the electron yield of the plasmon decay are
; found to be in reasonable agreement, whereas the theory
+ overestimates Ne-shell Auger-electron emission. The latter
0.01+ - discrepancies are likely to be due to losses of INshell
' . ' ' L - Auger electrons in the continuous background. On the other
t 2 3 4 5 6 hand, at large incident charge states, increasing discrepancies
q. Incident Charge State observed between the model calculations and the experimen-

FIG. 8. Projectile charge state dependence of electron yields fo‘i‘al plgsmon yields suggest mechanlsms other than the
4.5-keV N impact on Al. The results refer to electron yields Potential-energy transfer producing plasmons. When analyz-
obtained by integration of the continuous spectra above an energ?d the plasmon production, the contribution by secondary
of 18 eV. The observation angle 8= 75° relative to the surface interactions with high-energy electrons should be considered.
normal. Finally, let us look back at the methods implemented into

- . the present cascade model. The attenuation of the electrons is
quence, shown in Fig.(8). For comparison the results from . . . N
taken into account in an approximate manner which is ex-

Erqé S)S,Olrgizlslﬁ;r;/ge; nly the first step of the decay Sequence’pected to introduce uncertainties into the present analysis.

The theoretical results are found to be larger than théiowever, we do not expect that a more accurate treatment of
experimental data with increasing discrepancies for decreadbe electron attenuation would change the essential conclu-
ing charge states. As mentioned before, the_Mhell Auger ~ Sion of the present analysis. A problem may be involved in
electrons are difficult to separate from the continuous backthe value of the Ne.-shell filling ratesI’, . For the low
ground so that some Auger intensity may be lost. In particucharge stateg=1 and 2 of Né" moving inside the solid we
lar, we note that the experimental results for the low chargedopted filling rates which are consistent with previous work
states(e.g.,q=3) represent the first step of the decay se-for helium [43]. Smaller rates for thé.-shell filing have
guence only, since the higher steps produce Auger electronseen evaluated in recent studies of hollow ndd]. It
shifted to lower energies which were not included in theshould be noted, however, that the theoretlc#luger rates
integration procedure. Thie-shell Auger electrons from the \ere determined for Auger transitions denote@V, where
last step q=1) occur in the region of the plasmon decay the excitation of the valend®/) electron is treated within the
electrons. However, we would not expect that thelN&hell  framework of linear-response theory. Due to the relatively
Auger electrons interfere with the plasmon yield determmahigh electron density of th€ cloud [20] we expect an en-

tion. As described above, the plasmon yield results from the,;cement of the correspondigC Auger transition rate,
derivative of asingle convolution over the conduction-band |, ..o .o the valence-band electron is replaced bg ahell

Ztates V\l”th a shar_p.rlse ?t thedlfegr" ene(lﬁyg. 3. Eheh electron. In future work it would be useful to gain more
ugerhe ectror;ls orrllgmate rom @ou ﬁ CanVO L.Jt'%n’ whic h theoretical information about theCC transition rates.
smooths out the sharp structure at the Fermi edge, so that It Summarizing, we achieved progress in the understanding

can bare_ly contribute to the electron y_|eld derivative. ._of plasmon production by slow impact of multicharged ions.
For higher charge states the experimental and theoreticg|

Absolute values for the experimental electron yield from
results of the N.d‘TShe” Auger electrons te.”d to approach lasmon decay have been deduced. An analytic expression
each other. A similar agreement has previously been foun

. ' SR as derived to estimate the contribution of potential effects
in a study of the Auger electrons using the high incident

h — 9146l W, hat th X | on the plasmon production. The comparison between theory
charge state|=9 [46]. We note that the previous results are and experiment suggests that for low incident charge states

consistent with the present charge state dependence of theyontia|-energy effects are responsible for plasmon produc-
yield of the NeL-shell Auger electrons. tion, whereas at higher charge states secondary collisions
with high-energy electron become important. However, the
discussed mechanisms are not fully understood at present so

The present study is concerned with experimental and thehat further work is needed to clarify various questions about
oretical efforts to clarify mechanisms for plasmon creationplasmon creation by slow multicharged ions.
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