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Internal dielectronic excitation in highly charged ions colliding with surfaces

G. A. Machicoané;? T. Schenkel, T. R. Niedermayt;? M. W. Newmann‘3 A. V. Hamza! A. V. Barnes® J. W. McDonald!
J. A. Tanis? and D. H. Schneidér
IPhysics & Space Technology Directorate, Lawrence Livermore National Laboratory, University of California, Livermore, California 94550
2Equipe de Recherche lon-Surface, Univér§iterre et Marie Curie, Paris 75005, France
3Department of Physics, University of Connecticut, Storrs, Connecticut 06269
“Department of Physics, Western Michigan University, Kalamazoo, Michigan 49008
(Received 18 June 2001; published 2 April 2p02

Internal dielectronic excitatioflDE) is a correlated atomic physics process that takes place when the
deexcitation of a Rydberg electron is accompanied by the excitation of a more tightly bound electron, resulting
in a doubly excited inner-shell configuration. Subsequent x-ray emission involving an electron transition to a
shell that initially contained no vacancies identifies the IDE process. IDE is mediated by the electron-electron
interaction in a manner similar to a time-reversed Auger transition, and can occur during the neutralization of
a slow highly charged ion interacting with a solid where there are many Rydberg levels that can give rise to
correlated transitions to degenerate energy states. We have investigated IDE for a wide range of projectiles and
solid targets by measuring the resulting x-ray emission. The characteristic features of the x-ray spectra suggest
that IDE occurs above the surface of the solid.
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[. INTRODUCTION tron or photon depends on the number and shell location of
the spectator electrons present at the time of decay, this en-
The interaction of slow highly charged ions with surfacesergy can be used to determine the time of the decay.
has been an emerging field in atomic collision physics during For higherz, highly charged ions, most of the inner shells
the past decadgl,2]. Because of the large amount of poten- are filled below the surface, and consequently, most of the
tial energy that very highly charged ions carry with respect tgpotential energy is transferred to the degrees of freedom of
their kinetic energy, the interaction of such ions with a sur-the solid surface. Electron, ion, neutral particle, and x-ray
face is characterized by features such as hollow atom formamission account for only-10% of the potential energy of
tion, large electron emission, and material ablatfdr2].  the slow, highly charged ion released upon collision with a
These features are relevant for applications in nanotechnosurface[1]. Since the radiative rates for inner-shell vacancies
ogy such as surface analysis and surface modification. increase ag*, the detection of x rays is the method suited to
To date, much of the work involving the interaction of study this last stage of the neutralization process. Recently,
highly charged ions with surfaces has dealt mainly with lowthe charge neutralization time of 1 incident on an amor-
Z projectiles[2]. The dominant theoretical picture for the phous carbon foil has been estimated to be around[3B]fs
different processes occurring during these interactions habhe understanding of the fast decay times of inner shells is
been given within the framework of the classical-overbarrieran active field of researc,7] since it allows insight into
model (COB) of Burgdafer and co-worker$3]. In this pic-  the way that the initial potential energy of the ion is prima-
ture, an ion with its inner shell empty approaching a surfaceily deposited.
captures electrons resonantly into high-lying Rydberg states Recently, a new decay process for hollow atoms that takes
at a critical distance from the solid leading to hollow atomplace below or at the surface of a solid was identified. The
formation. Due to the very short but finite tiniés) that the  process is referred to as internal dielectronic excitafibit)
ion spends above the surface, the ion is still in a highly[8], and its existence was inferred from the observatioMof
excited state when it enters the solid. The inverse of the rays emitted from ions not containing initisd vacancies
plasmon frequency of the near-surface region is a characteprior to interaction with the surface. The IDE process can
istic time, within which a more compact hollow atom is come about, for example, if di3l’ (n>4) state is energeti-
formed below the surface. cally degenerate with al4l’ state. In this case, a transition
The fact that the inner shelinostly K andL) of the ion  can occur that resonantly excites an electron fronMizhell
survives the close collision has already been demonstratadto the N shell, creating amM vacancy, while another elec-
with low-Z ions in experiments involvindKLL Auger mea- tron from a highn state simultaneously fills a vacancy in the
surementg?2]. In the case of AY'" ions striking a surface, N shell. This resonant transition is mediated by the electron-
the resulting x-ray spectrum showed that the filling of theelectron interaction in a manner analogous to a time-reversed
initial K vacancy is due to decay below the surfadé¢ In Auger transition. The vacancy in thé shell can then sub-
this particular case, capture takes place mainly intohe sequently decay radiatively and the resulting x ray can be
shell and subsequent decays lead to the filling ofltrend  observed. Thus, IDE is very similar to dielectronic recombi-
the K shells. The main features of the observed Auger omation (DR), in which an initially free electron resonantly
X-ray spectrum were explained using a stepwise decay modekcites a bound electron and is itself simultaneously cap-
for the hollow atoms. Since the energy of the emitted electured. Subsequent x-ray emission completes the DR process
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resulting in recombination of the ion. The possibility for the lected. The ion current was further calibrated against a Far-
occurrence of IDE is closely linked to the existence of aaday cup biased te-300 V that could be placed at the same
hollow atom that has some of its inner shéltsthis case the position as the foils. The energy calibration of the x-ray de-
N shell transiently empty and, at the same time, possessestactor was performed using a radioactf?€e source placed
large number of electrons in higher-lying shells. Deexcitationinto the vacuum system for the high-energy part of the mea-
of this highly excited system causes electrons to quickly casgyred x-ray range, while x-ray emission froni"Nand 0+
cade through the empty shells as the system relaxes. Th§ns was used for the low-energy part. TKes-ray energies

large numbe.r of ppssible transitions and the large number qft ihese ions are knowfi10] and have energies very close to
energy configurations involved in the various decay pro-tg
|

make th d i b ose of the respective neutral atoms.
CESSES make e necessary energy degeneracy quite probables g rces of error in the absolute measurement of x-ray

[9].Th first . tal evid for IDE ted f yields are the detection of x rays, the determination of the
1€ Tirst expérimental evidence for was reported 1org, iq angle, and the determination of the integrated ion flux.

uranium prOjegtlles incident on a Be surf4&¢. Calculations At least 10 000 counts per spectrum were colledtecept

based on a Dirac-Hartree-Slater model showéd ‘3states for the X&%* and below; taking the error as the square root

;:r?uld n fas(:rt] be dleg?ar;.erate. V\ch ?43 t.:,]tatt?hfornzg. bFlIJtr ‘ of the number of counts gives an uncertainty of less than 1%.
ermore, the caicuiations indicated that the probabllity 10frnq opor in the solid angle determination rests in the deter-

IDE to occur in uranium was abput 80/.0' Here We_rep_ort NeWmination of the distance of the foils from the detector, which
measurements of IDE for a wide variety of projectilés (¢ getermined to within 0.5 cm, yielding an error of 2.5%.
=54-90) impinging on different surfaces ranging from 1o getermination of the integrated ion flux was to within
metal to insulator. For ions with an _'”'t_'a' vacancy in the g 5o4 of the 59 of the flux that was monitored. This yields a
shell, a zro[?d peak dlﬁi ¢ xjre_lyaamssmn was obslt(erved aS 2 69% error in the ion flux determination. The total estimated
expected. For ions with no Initiavl vacancy, a peak corre- o is 6 19. For the ratio of two measurements the solid

sponding toM x rays was stllllobservgd meaning that.Mn angle error is removed, giving a total estimated error of
vacancy was created in the interaction of the ion with the7_2%_

surface. Significant differences in the features of the mea-
suredM x-ray spectra were observed for the various projec-
:|rllt(aest{;lrsgeeq[i but these features were essentially independent of Il RESULTS

In Fig. 1, we show x-ray spectra resulting from the radia-
tive deexcitation of incident Ni-likg§no M vacancies and
Co-like (one M vacancy xenon €=54), holmium ¢

lons were extracted from the electron beam ion trap=67), gold €=79), and thorium Z=90) ions interacting
(EBIT) at the Lawrence Livermore National Laboratory. lonswith the germanium detector surface for xenon, holmium,
were most often extracted at 7 keV, giving the ions a kineticgold, and thorium and a silicon foil target for xenon. For
energy of 7 ke q. A few measurements were also per- each projectile species, the x-ray yield from ions having ini-
formed at 6, 5, and 3 keXq for thorium ions. No differ- tially one vacancy in thé shell (Co-like corg, i.e., X&',
ences in the x-ray spectra were observed due to changing tiéo*®", Au®2", and TH®", respectively, is greater than the
kinetic energy of the ion in this kinetic-energy range. After yield from ions having initially ndvi-shell vacanciegNi-like
charge-state selection, the ions were directed onto targets thetre), i.e., X&', Ho*®*", Au’l", and TR?', respectively.
consisted of~100 nm foils (=10%) of diameter 2.54 cm. However, as in the work of Reff8], it is significant thatV x
Five different foils were used in this work: Au, Ag, amor- rays are observed for ions having no initMlvacancy. Thus,
phous carbon, Si, and SjOThe pressure was less than 2 these results point to the existence of the IDE mechanism to
X108 Torr. X rays were collected in transmission mode createM vacancies in the interaction of the ion with the solid
with an IGLET-X windowless germanium detector placedtarget.
behind the foils. The detector had a resolution~f50 eV In the spectra of Fig. 1, three features are notable: the
full width at half maximum(FWHM) at 5.9 keV. The dis- shapes, the energy shifts, and the relative intensities d¥ithe
tance from the detector to the foils was 21 mm and the active-ray peak from ions with no initiaM-shell vacancy com-
diameter of the detector was 6 mm, giving a solid angle ofpared to those with an initiaM-shell vacancy. First, the
~0.06 sr. X rays were recorded over the energy rangevidth of the main peak for the Ni-like core is two to three
~300-5000 eV for which the detector has an absolute effitimes smaller than that for the Co-like cofexcept in the
ciency close to 100%. Corrections were made to the meacase of xenon TheseM x rays consist mainly oN—M
sured x-ray yields for self-absorption in the foils. transitions. The main peak is due largely to unresolvéd 4

A sputter gun placed at 90° with respect to the beam line—3d transitions(4p—3d transitions are also possible but
was used to clean the foils using a Xéeam that was di- are less likely to occur and constitute a shoulder on the low-
rected onto the foils by means of an electrostatic bendeenergy side of the main peptesulting from the multitude of
Sputter cleaning cycles of 15 min with a/A beam were electronic configurations that arise depending on the number
performed. Cleanliness of the foils was spot-checked by se®f electrons captured and their distributions at the time of
ondary ion mass spectrometry. The same bender was usedxeaay emission. Consequently, the narrowex-ray peak for
measure the ion current while the x-ray spectra were colhollow ions(atomg with no initial M-shell vacancy indicates

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. MeasuredV x-ray spectra for incident xenofta,b), holmium (c), gold (d), and thorium(e) projectiles having ondupper
spectrum or zero(lower spectrurinitial M vacancies, respectively. The xenon spectrébjrwere taken from collisions with a silicon foil,
and the xenon irfa), holmium, gold, and thorium spectra were collected from collisions with a Ge térgetthe detector surfage

that x-ray emission takes place in the presence of fewer eleéacreases. For thorium, this shift reache250 eV whereas
tronic configurations. almost no shift is visible in the case of the xenon projectile.
A shift in the energy of the maiM x-ray peak for the This shift to higher energies indicates either that the average
Ni-like ions relative to the Co-like ions is also observed, withnumber of “spectator” electrons at the time of the decay for
the magnitude of the shift increasing as #ef the projectile  the Ni-like ions is smaller than for the Co-like ions, or that
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the spectator electrons exist in higher shells at the time of 10 ———784—/———————71———F————
x-ray emission for incident Ni-like ions. In the latter case, ,4[ o Silicon i
this would mean that the transition takes place at an earliel L Th™ . © Carbon o
stage of the neutralization process of the highly charged ion.c %8 v Gold ]

The third point concerns the relative intensities of the 2 o7 [ < Silver i
lines corresponding to zero or one initdlvacancy, respec- & | (u}

tively. It is seen that the peaks for ions with no initll 2 °°[ -

vacancy have a low-energy tail and that the intensities of'>; 05 | -
these peaks are considerably smaller than those for ions witlg , [ § ]
an initial M vacancy. Thus, the observéd x-ray yield is x
strongly dependent on whether or not the incident ion has arg %3
initial M vacancy as expected. Furthermore, for ions thatgo,zt
initially have anM vacancy, the filling of this vacancy can £ } g 1
occur through an electron transition from a higher shell ~ *'[ B ]
(O,P,...), giving rise to x rays of higher energy. The high- 00} © S e -
energy tails of the spectra shown in Fig. 1 for ions with an . o e . s T e s
initial M vacancy are found to extend to the binding energy
of the 3 subshell. In the case of ions with no initidM
vacancy, the intensity of these high-energy contributions is FIG. 2. Measured integrated x-ray yields for thorium projec-
greatly reduced indicating a weak contribution from thetiles interacting with various targets. Theaxis refers to the initial
higher shells. charge state of the ion expressed in terms of the number of initial
vacancies in thevl shell (Th®" corresponds to on# vacancy.
Negative values refer to the number of electrons initially present in
IV. DISCUSSION theN shell. A very weak dependence of the x-ray yield on the target
used is observed for the negative val@es M vacancies whereas
there is a stronger dependence of the yield on the target used for
fons that carry initialM vacancies. A representative error bar is
shown. See text for discussion of errors.

Number of initial M vacancies

The IDE mechanism proposed in RE8] can account for
the features observed in the x-ray spectra of Fig. 1. Specifi
cally, to create arM-shell vacancy in an ion not initially
containing one and, subsequently, give risdta-ray emis-
sion, a 3 electron can be promoted to one of the=4  ever, is the observation that tiv x-ray yield is nearly inde-
subshells, while an electron in the one of the outermost shellsendent of the target used for ions with no inithlvacan-
is demoted to am=4 subshell. ForM x-ray emission to cies. This latter result rules out molecular orbital promotion
occur, either the promoted or the demoted electron must gas a mechanism for producing vacancies since the prob-
to the 4p or 4f level. As mentioned above, this two-electron ability for such promotion would be expected to vary
transition is attributed to the electron-electron interaction in astrongly for the wide range of (atomic number for the
manner analogous to a time-reversed Auger transition. targets used. Moreover, the weak dependence of the x-ray

Metastable states of the incoming ions as a sourdd gf  yield on the target used points to an internal effect consistent
rays can be ruled out. First, the distance from the trap to thevith the IDE mechanism. As noted above, the x-ray emission
target foil (4 m) and the low velocity €0.4vgoy) Of the  for ions with no initial M-shell vacancies occurs at higher
extracted ions requires a lifetime longer tharr & for any  energy due to emission before filling of theshell, i.e., few
metastable ion striking the target. Any nonradiatigatoion-  spectator electrons. Thus, the IDE mechanism occurs during
izing) decay has already occurred in the tfaft] and radia- the early stages of the ion neutralization process. The early
tive decay would occur before the ion reached the targestages of the neutralizatidabove surface capturare con-
[12]. Second, the yield oM x rays decreases smoothly for trolled by the work function of the surface. The work func-
ions with increasingN-shell occupation for thorium and hol- tions for the targets used in this study are all approximately 5
mium. The probability for metastable ions would be ex-eV. The lack of dependence of the IDE x-ray yield on the
pected to decay more dramatically. Third, b rays were  surfaces investigated is consistent with IDE occurring early
observed for X&", for which the “stable” ion has nd.  in the neutralization.
vacancies. Metastable ions were also ruled out as a source of On the other hand, for thorium ions with an initial va-
M x rays in the IDE study by Schucét al. [8]. cancy in theM shell, the measured x-ray yield exhibits a

In Fig. 2, we plot the x-ray yields obtained in the case ofdependence on the targatwith the highest yield occurring
thorium projectiles impinging on the various surfaces stud{or the silicon target and the lowest yield for the gold target
ied. Thex axis represents the incident thorium ion charge(Fig. 2). This result can be explained by considering the dif-
states involved in the interaction but expressed in terms oferences in the neutralization of highly charged ions striking
the number of vacancies in tiv shell. Negative values refer insulators compared to metals. In the former case, the lower
to the number of electrons present initially in tNeshell. It ~ number of electrons available from the solid tends to in-
can be seen that the x-ray yield decreases smoothly as tlreease the fluorescence yield due to slower filling of the inner
number of electrons in thid shell increases for all the targets shells, thereby reducing the competitive Auger deexcitation
used. This shows the role played Byvacancies in the IDE channel[13]. This conclusion is further supported by the
mechanism as discussed abd®. More important, how- observation(not shown of a shift to higher x-ray energies
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for the mainM x-ray peak in the case of silicon compared to - 8 Silicon

. . . ThY ————— —o0— Carbon
gold, a result which implies feweK-shell electrons at the —¥- Gold
time of x-ray emission for silicon. Similar differences have o1 §°°
been observed for all the projectiles with initidl vacancies a

0.15

used in this experiment. No such energy shift is observed,g
however, from one target to another for the x-ray lines
attributed to IDE(projectiles with noM vacancies

cal
o

0.15F

0121

Total X-Ray Yield / lon / M-shell vacancy - 1.D.E Yield / lo

:

At 2x 1078 Torr, the foil surfaces will remain clean for 3 o “\ 1 e
~100 s from background gases that have a sticking probabilz o .,/% 008 :Jo ° 1
ity of 1. The background gas consisted principally of hydro- ;“% ool v | — v
gen, water, and carbon monoxide. For clean gold and silver ™ \7 006]
foils at room temperature, the residence time for water on the
surface is nearly zerpl4]. Molecular adsorption of hydro- P P
gen at room temperature is again near zero for all surface: 1Nufnbe?ofi|:ilialﬁl\ll vei:an;es8 ’ ’ 1Nur:beraofi:malsM v:ca:ciess )

investigated. Dissociative adsorption of hydrogen is acti-

vated on all surfaces studi¢dl5, 16, yielding near zero cov- FIG. 3. M x-ray yields for thorium ions divided by the number
erage of atomic hydrogen. Carbon monoxide and water alsef initial M vacancies. The targets used were silicon, carbon, and
have near zero residence time on the carbon foil surface geld foils. Left: Total x-ray yields divided by the number of initial
room temperaturgl7]. Carbon monoxide adsorption on sil- M vacancies. Right: Total x-ray yields minus the measured yield for
ver and gold occurs readily only on partially oxidized sur- incident ions without aM vacancy divided by the number of initial
faces. Gold and silver surfaces are difficult to oxidize atM vacancies. Representative error bars are shown in each panel. See
108 Torr [13]. Carbon monoxide does not appreciably ad-t€xt for discussion of errors.

sorb on silicon surfaces at room temperat{it&]. While . o . o .

water has a fairly high sticking probability-0.2) on silicon cating an IDE cpntrlbutlon f.or ions with initia¥i vacancies.

at low temperatures, at room temperature the sticking probEvidence for this IDE contribution can also be seen directly
ability is low due to the short residence time of water in theffom Fig. 1 for holmium, gold, and thorium projectiles,
mobile precursor stat§l9]. Thus, the foils used in this wht_—:tre there exists a structure on the h|gh-ene_rgy side of_the
study—silicon, carbon, silver and gold—are particularly for-Main peak for the upper spectrum corresponggpg to one ini-
giving and will remain clean during the course of a measureltidl M vacancy in each case. Furthermore, fof*Th(oneM
ment (~1000 $. The observation of no effect of the x-ray vacangzyithe rgdla_tlve yield is negrly equal to the IDE yield
emission for TR* 58<q<62 with a foil target is due to the for Th>*" in this high-energy region. ,
IDE process occurring early in the neutralization process, From the measured data, it is possible to assess the im-
and early neutralization is controlled by the work function of Portance of the IDE yieldfor ions with no initial M va-

the surface. The work functions for these targets are alf@ncy With respect to the “normal” radiative yieldfor ions
within 0.4 eV of 5 eV[20]. possessing an initid¥l vacancy as a function of th& of the

Finally, strong differences in the measunddk-ray yields projectile. In Fig. 4, we plot the ratio of the x-ray yield
for incident ions with no initialM vacancies are observed obtained from incident Ni-like ions to that obtained for inci-

depending on the initial number of electrons in tHeshell.

These are the x rays that are attributed to the IDE mecha: %7

nism. While only those ions with zero or one electron in the [

N shell give rise toM x rays for incident xenon and hol- o %6 % 7

mium, M x rays are observed for ions with up to six electrons & - +

) . 04

in the N shell for gold and thorium. - 05 .
5]

Further analysis of the measured yields gives evidences :
that the IDE mechanism also exists for ions with an initial Z o4} E -
vacancy in theM shell. In the left part of Fig. 3, the x-ray
yield for thorium projectiles divided by the initial number of
vacancies in thé/ shell is plotted against the initial number
of M vacancies. It is seen that this ratio tends to decreas
with an increasing number d¥l vacancies. It would be ex-
pected, however, that this ratio should be constant ifNhe
x-ray yield is nearly proportional to the number of initiél
vacancies, or should increase slightly because of the reduce
screening of the core for higher charge states, thereby result 00 X
ing in a higher radiative rate. However, by subtracting the
x-ray yield obtained for Ni-like iondi.e., no M vacancy
from the total x-ray yield, and then dividing by the number FIG. 4. Ratios oMM x-ray yields for incident ions with no initial
of initial M vacancies, a more constant value of this ratio iSM vacancy to those for ions with one initiM vacancy as a func-
obtained as seen in the right-hand side of Fig. 3, thus indition of the Z of the projectile for the data in Fig. 1.

Co-like) X-R

= 0.2 .

(Ni-like)/

H Au Th

Oz-s7) (2=79) (2=90)

Z Projectile

€ z-54)
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dent Co-like ions. In the case of xenon, the ratio found isthe highZ projectiles due to the lack of electrons present in
about 15%, whereas for thorium the ratio is nearly 60%.:the N shell, which effectively reduces the competitive Auger
However, it is not clear if this strong projectifedependence decay channel. Consequently, for holmium, gold, and tho-
reflects an increasing IDE probability with projectiebe-  rium ions it is likely that the fluorescence yield associated
cause the fluorescence yield of the radiating ions must alswith the decay of the vacancy created in tfieshell in the
be taken into account. In Reff8] it was assumed that the IDE process is considerably larger than that associated with
M-shell fluorescence yields for ions with and without initial the decay of aM vacancy in the incident ion. For example,
M vacancies were equal. In this case, the IDE probability cam fluorescence yield enhancement of a factor of 4 in the case
be determined from the experimental measurement of thef thorium projectiles with navl vacancies would give an
x-ray yields for ions with and without an initid¥l vacancy, IDE probability equal to that for xenofsee above
respectively, if the value of fluorescence yield is known.

However, theM-shell fluorescence yields may not scale V. CONCLUSION
the same way for ions with or without an initi vacancy.

This is because there are apparently feiNeshell electrons road range of ions having no initial vacancy in teshell

present at the time of x-ray emission in the case of the ID ollowing their interaction with various solid targets. Similar
as evidenced by the shift to higher energies for the x rays 9 9ets.

emitted by ions with no initialM vacancies. Additionally, maec:ez;%rizrsn?onrti(;,vrﬁrgrﬁs%nndL#:ridsf(zarclt?glsfg):;tisrgzsgggéw/gzl for
strong differences in the fluorescence yield can arise fron), P : P

the differences in the dynamics of hollow atom formationth.e M X rays emitted from |_nC|dent N|-I|ke_ lons, I.e., lons
with no initial M vacancy, point to x-ray emission that takes

and neutralization below the surface of the solid. As dis- lace at an early stage of the hollow atom deexcitation pro-
cussed above, based on their shapes, energy shifts, and reltal y stag P

tive intensities M x rays resulting from IDE are likely to be cess following the interaction of the highly charged ion with

emitted in an earlier stage of the hollow atom deexcitatio
process compared tM x rays emitted from ions with an

In conclusion,M x-ray emission has been observed for a

a surface. Here, early means before the electrons captured by
"the incident ion have time to cascade into tdeshell. For

I . . . incident ions without an initiaM vacancy, the apparent in-
initial M vacancy. Also, in going from xenon to thorium, the gependence of the observitix-ray yield on the target used

capture of electrons from the solid does not take place int Lugests a mechanism internal to the deexciting atomic Svs-
the same shells. Capture takes place into those projectiPe 99 9 y

shells closest in energy to the valence band of the $alidi ;vaégzwp;?:jauC?geé?riwa\:gcfg]ncgé; 2? Jv??rfli[]%slngthn?eggé-
This means that the principal quantum numberf the shell Y Sp

into which capture occurs increases with thef the projec- glr?ri‘%igg?rli/??/z%:r)llcsc?hue@;;g[ﬂdilzg:elnglfc?ghf-?; hz\;/lnrlg
tile, thus leading to feweN-shell electrons at the time of . " . Y, o Y
x-ray emission for higheZ values. In the case of xenon, for tribution from IDE that competes with inner-shell filling be-

o . low the surface in the neutralization process of highly
example, the shift in x-ray energy is very small for the IDE . .
yield compared to the “normal” x-ray yieldsee Fig. 1, but charged ions. It remains unclear, however, whether the IDE

for xenon theN shell is very close to the continuum leading g[)c;t;?\?ggyir:grcéggzii \tlvh'éhxt_?g Ofiélr:jevﬁtrﬁj(iancélrlsagirngztir;e
to very fast filling of this shell. In this case, the fluorescencerelated to more efficient radiat)i/vz decay associated with dif-
yields associated with ions having zero or one inikbVa- Y

cancy are likely to be nearly equal, thereby allowing a deter]‘erences in the dynamics of hollow atom neutralization from

mination of the IDE probability from the x-ray yields di- one ion to another.
rectly (15% for xenon.

As the Z of the projectile increases, the filling of the
shell takes place more slowly and occurs mainly by cascad- This work was performed under the auspices of the U.S.
ing as evidenced by the observed increase in the yieNixf Department of Energy at the Lawrence Livermore National
rays for higherZ (these results are not shown herklow- Laboratory under Contract No. W-7405-ENG-48 and also
ever, since the IDE mechanism is presumed to occur at afunded in part by the Chemical Sciences, Geosciences, and
early stage of the hollow atom decay process, the electroBiosciences Division, Office of Basic Energy Sciences.
demoted into the # subshell may then subsequently fill the J.A.T. was supported in part by the Chemical Sciences, Geo-
vacancy created in thd shell by emitting an x ray. Thus, the sciences, and Biosciences Division, Office of Basic Energy
IDE process enhances the probability for x-ray emission foiSciences, U.S. Department of Energy.
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