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Auger neutralization rate for slow Ar * ions in front of KCI(001)
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Angular and charge-state distributions are measured for 5—15-keéVVadt Ar ions reflected from a
KCI(001) surface under glazing angle incidence. The ionization d¥ idralmost completely suppressed at
incident angles smaller than a critical an¢ld —22 mrad, depending on the ion engrgyhile a considerable
fraction of incident AF ions are neutralized. It is demonstrated that a position-dependent Auger neutralization
rate can be derived from the observed result without any assumption except for the surface continuum poten-
tial. The obtained Auger neutralization rate shows a simple exponential dependence as is usually assumed.
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I. INTRODUCTION (—=x/a)—for the Auger neutralization rate as was first intro-
duced by Hagstrum. They calculated the angular distribu-

Since the pioneering work by Hagstrufh], charge ex- :
change phenomena between ions and solid surfaces hal}@ns of He and Hé. lons _scattered from Al11) by means
a Monte Carlo simulation. The preexponential facikyr

been studied extensively for several decades. In a low-ener: . ;
y nd the decay length were determined by comparing the

regime, there are two dominant charge exchange mech Iculated result with the observed one. However, as was
nisms: one is a resonant one-electron tunneling process a ) '

the other is a two-electron Auger process. In general, AugePOim.e.d out by Moreet al, the angular di_stribution .is Very
neutralization plays an important role for the neutralizationsen.S't've W'.th TeSPeCt to the representatl_on .Of the Image po-
of noble gas iong2). tential [6], indicating that accurate derivation & (x) is

When an ion is scattered by a surface atom, the survivarlﬁther difficult. Moreover, recent theoretical studies showed

probability from the Auger neutralization process is given byt at the Auger neutralization rate deviates from the simple
exponential decay7-9].

Fr=e v+l (1) In this paper, we propose a method to derive the position-
wheren . andy. dente perpenicar componets of - SPEDCert Ager neutatzaton el o (e chare st
tial and final ion velocities, respectively, and the so—calledgnd no parameter fittin .rocedurr)g is required En examole
characteristic velocity. is defined by integration of the Au- P gp q ) P

ger transition rateP(x) from 0 to x—i.e., v,=ZP(x)dx of the analysis is performed for 5-15-keV *Aions on

where x is the distance from th of The char X_KCI(OOl). In this system, resonant neutralization and ioniza-
erexis the distance ro € surface. The charge €X3i,n are not allowed and only Auger neutralization can take
change processes in the violent single collisions with surfac

atoms are neglected in E(l), and this is actually the case Blace with help of a Doppler-shifted Cpdand and/or sur-

when the ion energy is less than a threshold en&gye.qg., face state$2,10.

Ey~ 2 keV for He scattered by 129° from a Cu surfaga).

Thus, by measuring* as a function ofy;, and/orv;, the Il. EXPERIMENT
characteristic velocity for the Auger neutralization can be
easily determined. However, the Auger neutralization ratey;,
P(x) itself is difficult to be deduced from the charge distri-

bution measurement. was heated at 300 °C to prepare a clean surfadg and

_ Recently, Hechet al. have shown that the Auger transi- o0t 4t 250 °C to avoid surface charging during the measure-
tion rate of 2-keV Hé ions in front of an Al surface can be | ot [12]. A beam of 5—15-keV At ions from a 10-GHz

derived from a detailed analysis of image charge effects OcR ion source was collimated to 0<D.1 mn? by a series
the trajectories of_|0ns scattered at grazmg_angle incidencgg apertures and was incident to the K@1) surface at a
[4]. Their method is based on the fact that'Hen is accel-  gr47ing angles, with respect to the surface plane. The energy
erated toward the surface by the image potential bitisle dispersion in the incident beam was less than 0.3%. The

not [5]. As a result, the scattering angle depends on whergafiected Ar ions were resolved into their charge states by
the incident He ion is neutralized. Thus, the information of . .on< of electric field plates and detected by a two-

the Auger neutralization rate can be obtained from the obgimensional position-sensitive detect¢2D-PSD placed
served angular distributions of the scattered’ lded HE 150 \m downstream of the target. The 2D-PSD consisted of
ions. They assumed a simple formula—i.(x)=Po€XP 7 stack microchannel plate®ICP's) and a resistive anode
(effective diameter 40 mim The signals from the resistive
anode were converted to digital signals and were stored in
*Author to whom correspondence should be addressed. FAXtist mode. Because the gain of the MCP’s was not uniform,
+81-75-753-5253. Electronic address: kimura@kues.kyoto-u.ac.jjhe discrimination level for noise elimination was changed

A single crystal of KCIl was cleaved alor@01) plane in
and was mounted on a five-axis precision goniometer in
an UHV chambetbase pressurex21071° Torr). The surface
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1 FIG. 2. The angle of scattering for A(solid circleg and AP
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o _ is smaller than the specular angle, suggesting that igr
FIG. 1. Angular distribution of scattered Ar ions measured by decelerated upon electron capture at lagesimilar results
2D-PSD when 10-keV Arions are incident on a K01 surface were obtained for 5 and 15 keV Aincidence.

at ¢=42 mrad. The large(smal) broad peak correspond 10 pe neytral fraction of the reflected Ar beam can be ob-
Ar%(Ar*). The sharp peak represents the residual incident beam. tained from the observed angular distribution. Figure 3
shows the observed Afraction F° as a function ofg,. The
from position to position depending on the local gain of thesplid symbols show the results for Aincidence and the
MCPs. It should be noted that the efficiency of the MCP’s open symbols show the results for%Aincidence. The ob-
does not depend on the charge state of the ion and is primgerved neutral fraction does not depend on the incident
rily determined by the ion energy if the noise discriminationcharge states at large, indicating that the memory of the
level is carefully chosefil3]. incident charge state is lost and a kind of charge state equi-
For the experiment of Arincidence, the vacuum of the |iprium is achieved. On the other hand, the ionization of Ar
beam line was changed from £0Torr to 107 Torr. Neutral s almost completely suppressed at sn|lindicating that
Ar atoms produced by charge exchange collisions with rethere is a critical incident angle for ionization process. The
sidual gas molecules were selected by a magnetic deflectefitical incident angle for ionization was estimated to be
installed just before the scattering chamber and the obtaineghout 22, 16, and 11 mrad for 5, 10, and 15 ke\? As is

Ar® beam was used as an incident beam. shown in Fig. 3. The distance of the closest approach corre-
sponding to the critical angle is almost independent of the
IIl. RESULTS ion energy and is estimated to be 3.7+0.2 a.u., where the

Figure 1 shows an example of observed angular distribu- Ar*, Ar — KCI(001)

N T

tion of reflected ions when 10 keV Aions were incident on
KCI(00)) at 6,=42 mrad. There are three well-defined peaks.
The sharp peak represents the residual incident beam. The%
full width at half maximum(FWHM) of the incident beam is
about 6 mrad, which gives the overall angular resolution of
the present system including the angular spread of the inci-
dent beam. The broad peaks correspond to the reflectéd Ar
atoms(large peak and Ar" ions (small peak, which were
resolved by the electric field plates. There was no Ar ion
other than A? and Ar. The observed peaks were able to be
fitted to Gaussian functions resonably well. The mean scat-
tering angles for Atand Ar were derived from the observed
angular distribution. 0
Figure 2 shows the scattering angle as a functioti é6r 0
10 keV Ar* incidence. Although the scattering angle forAr
agrees with the specular angle, the behavior dfigslightly FIG. 3. Observed Arfraction as a function of angle of inci-
complicated. At smalb; (<25 mrad the scattering angle for gence for 5-15 keV Arand AP scattered from KGDO1). At small
ArCis larger than the specular angle due to the image accek, ionization of AP is almost completely suppressed while the neu-
eration[5]. At larger 6, however, the scattering angle for?Ar tralization of Ar* takes place.
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FIG. 4. Image potential estimated from the observed scattering FIG. 5. Observed Ar fraction as a function of angle of inci-
angles for A¥ and AP. The results obtained from the data of dence for 10 keV Af scattered from KGDO1). The dotted curves
10 keV Ar" incidence(solid circley and 15 keV Af incidence  show the ion fraction calculated with E(L) for variousu,.

(open circleg are shown. The static image potential is shown by a

soliql curve. The obtained image potential is about two-thirds of theys the classical image. The reduction of image potential can
static image ak larger than~3.5 a.u. be attributed to the dynamical aspect of the image potential
[14]. The high-frequency limit of the dielectric constant is
universal potentia[16] was enployed for ion-surface inter- «(«)=2.1 for KCI. The dynamical image potential should be
action potential. On the other hand, the incident Aons  somewhere in betweefi1-¢(0)]/[1+e(0)]}e?/4x and {[1
have a large chance to capture electrons evefj amaller — — g(c0)]/[1+e()]}e?/ 4x.
than the critical angle. . S With decreasing the observed image potential deviates
_The observed suppression of ionization is in harmonyrom the static image considerably and becomes even posi-
with the fact that the resonant ionization of°%As not al-  ive. The deviation can be ascribed to the energy level shift
lowed in front of KCI surface because of its wide band gap.of Ar? in front of KCI(001) surface. Precisely speaking, the
Thus the observed results can be analyzed without the reshserved energy gain is not the image potential itself but the
ionization process whe# is smaller than the critical angle. gjfference between ArKCI(001) and AP-KCI(001) interac-
This allows us to derive the position-dependent neutralization potentials. Recently Moret al. discussed the effect of
tion rate P(x) from the observed result as will be shown in {he energy level shift on the energy gain upon neutralization

the next section. of He" in front of Al(001) [6]. They calculated the total en-
ergy for He-A(001) system and showed that the energy gain
IV. DISCUSSION deviates from the image potential asmaller than~5 a.u.
o . . Our present result qualitatively agrees with their theoretical
When the incident Arion capture an electron in front of result.

KCI(OOl) surface }he Ar ion gets an energy corresponding to Figure 5 shows comparison between the observed ion
the image potential. The energy gain can be estimated fro ion E* and the result of simple calculation for

the observed scattering angle 10 keV Ar" incidence. The dotted curves show the ion frac-
AE4=E{sir?(63 - &) — sir? 6}, (2)  tion calculated with Eq(l) for variousv,, where the incom-

ing and outgoing trajectories of the ion were assumed to be
whereE is the ion enrgy andg denotes the scattering angle straight lines. Thej, dependence of the calculated*Arac-
of Ar® for Ar* incidence. Because the neutralization occursiion is entirely different from the observed result. This dis-
mainly around the turning point of the ion trajectory, the crepancy indicates that the details of the ion trajectdty
obtained energy gain represents the image potential at theéhould be taken into account to explain the present experi-
turning point. The position of the turning poin,,, can be  mental result. The ion trajectory can be calculated by the
calculated byE sin?(6¢-6)=Vo(Xmin), Where Vy(x) is the  equation
surface continuum potential for ArThus we can derive the

image potential as a function a&ffrom the observed scatter- d 2V )~V
ing angles. Figure 4 shows the obtained image potential as a ax_ A /M, (3)
function of x. In the calculation, we employed the universal dt M

potential forVy(x). The solid curve shows the static image

potential {{1-€(0)]/[1+€(0)]}€?/ 4x, where (0) is a static  where M is the ion massV(x) is the surface continuum

dielectric constanfe(0)=4.85 for KCI. potential, andx.,, is the distance of the closest approach of
The present result indicates that the image potentiaihe ion. Recalling that reionization is almost completely sup-

roughly follows the static image at larger than~3.5 a.u.  pressed ak>3.7 a.u., the evolution df* is governed by a

but the magnitude of the image potential is about two-thirdsimple rate equation
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FIG. 6. Auger neutralization rate for 10 keV *Ain front of FIG. 7. Auger neutralization rates for 5 keV A¢solid curve,
KCI(00)) derived from the observed Affraction (the solid curve 10 keV Ar* (dashed curve and 15 keV Af (dot-dashed curye
The result obtained by neglecting the image force is shown by &he neutralization rate increases with the ion energy.

dashed curvésee text The result derived with Moliére potential is _ _ :
also shown by a dotted curve. (5). We used the above-mentioned image potengl{i[ll

- €(0)]/[1+€(0)]}€?/4x in the calculation of the ion trajec-
dF (1) tory. The obtained result, shown by a dashed curve in Fig. 5,
—= == P(xX(t))F*(1), (4) disagrees with the experimental one, because the image po-
dt tential was neglected in the derivation Bf(x). A correction
whereP(x) is the position-dependent neutralization rate. TheAP1(X) t0 P1(x) can be calculated with Eq7) by substitut-
solution of the equation is given by ing AGy(6) =In[F1(6)]-In[Fe,,(6)] and Vo(x) instead of
G(#,) and V(x), respectively. The corrected resuft,(x)
o +°C =P,(x)+AP;(x) is shown by a dot-dashed curve in Fig. 6,
F (0i)—exp{—f_m P(X(t))dt}' (5) which is smaller thanP,(x) by ~30%. The ion fraction
o _ _ . F5(6,) calculated with the corrected ra(x) is shown by a
Substituting Eq.(3) into Eq. (5), one can find an integral got-dashed curve in Fig. 5. The agreement with the experi-

equation of the Abel type: mental result is improved very much as compared with the
o \s’mP(x) ﬁrst ap+proxir_nation. Repeating these prpcedures several

G(6) = ————dx, (6) times,F.(6) finally converges on the experimental result as

Xin VY (Xmin) = V(X) shown by a solid curve and the position-dependent Auger

neutralization rate is obtained. The resulting Auger neutral-
ization rate is shown by a solid curve in Fig. 6.
The obtained Auger neutralization rate increases almost
1 dv(x) E exponentially with decreasingas is usually assumed. In the
PX)==————"""7GO0)\/ 5= present method, the neutralization rate was derived from the
7Mv  dx V(X) . . )
experimental results without any assumption except for the

whereG(#,) is defined as —[fF*(6,)]. If V(x) is a monotonic
function, the solution of Eq(6) is given by

2 4G(6) surface continuum potentialy(x) for which the universal
f —— du g, (7 potential was used. Here, the neutralization rate is derived
o df 0,=\V(X)/E sin(u) with other realistic potential—i.e., the Moliére potential—to

. . . . . see if the choice of the potential is crucial for derivation of
wherev is the ion velocity ancE is the ion energy. The  p(y) or not. The obtained result is shown by a dotted curve
energy loss of the projectile ion is neglected because it is quﬁ Fig. 6. The result for the Moliére potential is larger than

0 L ) . . 6.
than a few % of the incident energil5]. This equation that for the universal potential, but the difference is not so

means thaF the position-dependent neutralization Pite large, indicating that the error caused by the choice of poten-
can be derived from the observed(4,). tial is not serious.

The actualV(x) is not a monotonic function due to the  gjgyre 7 shows the Auger neutralization rates for 5, 10,
existence of the image potential. Nevertheless, we first néang 15 kev At. The neutralization rate increases with ion
glect the image potential to estimaéx)—i.e., the surface  energy. This energy dependence is related with the fact that
continuum potentialy(x) excluding the image potential is the Auger neutralization is not allowed in the static lifi
used in Eq(7) instead of the total potentil(x). The result  due to the large band gap of KCI. The Auger neutralization
of the first approximationP;(x), is shown by a dashed curve can take place with help of kinematical effect. The observed
in Fig. 6. In the calculation, we employed the universal po-energy dependence supports this scenario.
tential [16] for Vy(x). By integrating P;(x) along the ion Recently, Wethekaret al. showed that Auger neutraliza-
trajectory, the Af fraction, F1(), can be obtained with Eq. tion rate for keV Hé ions in front of Ag111) can be esti-
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mated from the observel dependence of the Fidraction is attributed to the shift of the energy level of%n front of

after grazing angle scatterind7]. In their method thex  the surface. It is demonstrated that the position-dependent
dependence of the Auger neutralization rate must be asAuger neutralization rate can be derived from the observed
sumed. They used a simple exponential function—Pgx) Ar* fraction without any assumption other than the ion-
=Py exp(-x/a). In this respect we point out that our presentsurface interaction potential. The obtained Auger neutraliza-
method requires no assumption abB(x). The only require- tion rate shows a simple exponential decay as is usually as-

ment is knowledge of the interaction potential. sumed. The Auger neutralization rate is found to increase
with ion energy, indicating that the Auger neutralization
V. CONCLUSION takes place with help of kinematical effect in the present
case.
Charge-state distributions and scattering angle distribu-
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