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Abstract
Time and two-dimensional position distributions of F+ ions emitted from a well-deﬁned F/Si(1 0 0)-2 · 1 target were
measured for impact of slow highly charged ions of 3.9 keV Ar5+. The time and position distributions were transformed
into energy and angular distributions, which revealed that the peak emission energy was 2.0 ± 0.6 eV and the emission
angle measured from the surface normal was 18 ± 4 in the (0 1 1) or ð01
1Þ plane.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Secondary particle emissions induced with slow
highly charged ion (HCI) impact have been intensively studied for the last two decades to understand basic atomic processes involved in
sputtering phenomena and to apply the phenom-
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ena for various ﬁelds of sciences [1,2]. Because an
HCI has large potential energy and strong electric
ﬁeld, it can induce emission of secondary particles
via electronic transitions (potential sputtering) [3–
7] as well as via recoil momentum transfer (kinetic
sputtering).
In order to elucidate the mechanism of potential
sputtering, measurements of emission angle and
emission energy are expected to provide key information on the involved processes. It was not easy
and straightforward to extract such information
because of contaminant secondary ions induced
by momentum transfer from the incident ions
(kinetic sputtering). Recently, we constructed an
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experimental setup with a two-dimensional position sensitive detector (2D-PSD) having good time
resolution (ns) [6], by which mass resolved angular- and energy-distributions could be obtained.
In the present paper, we report the ﬁrst result of
the energy- and angular-distributions of F+ ions
emitted from a well-deﬁned F/Si(1 0 0)-2 · 1 surface bombarded with 3.9 keV Ar5+ ions. The transform scheme and analysis procedures are discussed
in detail.

2. Experimental setup and data analysis
Fig. 1 shows a schematic drawing of the secondary ion detection system. HCIs were extracted
from a mini-EBIS [8], charge-state selected with a
Wien-ﬁlter, periodically swept with a deﬂector to
form a 50 kHz pulse train, 50 ns wide, and guided
into a target chamber. When a pulsed HCI beam
impacts on the surface, some constituents of the
2D-PSD

HCI

A+

target are emitted as secondary particles. Positively
charged secondary ions are accelerated normal to
the surface by the electric ﬁeld applied between
the target and the grounded mesh (the spacing is
l1). After the mesh, secondary ions travel in the
ﬁeld free region (the length is l2) and ﬁnally
impinge on the two-dimensional position sensitive
detector (2D-PSD). The 2D-PSD provides information on 2D-position (X and Y) and time of
ﬂight (TOF, t) of each secondary ion. The position
and time signals are digitized and accumulated as a
three-dimensional distribution, n(X, Y, t).
Three components of the momentum,
(Px, Py, Pz), and the energy, polar angle and azimuthal angle, (E, h, /), of the emitted ion are calculated from (X, Y, t). The TOF is given by
0qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃB qV t þ P 2z =2m  P 2z =2m
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The 3D-momenta are converted to the energy E,
polar angle h and azimuthal angle / by

.
E ¼ P 2x þ P 2y þ P 2z
2m;
 .qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð3Þ
h ¼ arctan P z
P 2x þ P 2y ;

Employing Eqs. (1)–(3), n(X, Y, t) can be converted
to h(E, h, /; m) for the speciﬁed ion mass, m, by

E Pz

φ

ð2Þ

/ ¼ arctanðP y =P x Þ.

θ

[011]

ð1Þ

as a function of the longitudinal momentum Pz,
where Vt is the target bias, m and q are the mass
and charge of secondary ion, respectively. The lateral momenta, Px and Py, are given by
P x ¼ mX =t;
P y ¼ mY =t.

Mesh
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Fig. 1. Schematic drawing of the secondary ion detection
system.

nðX ; Y ; tÞ  dt  dX  dY
¼ hðE; h; /;mÞ  sin h  dh  d/  dE.

ð4Þ

The 2D-positional distribution in the TOF range
from ti to tf, f(X, Y; ti, tf), and the TOF distribution, g(t), are derived from the n(X, Y, t) using

440

N. Okabayashi et al. / Nucl. Instr. and Meth. in Phys. Res. B 235 (2005) 438–442

Z tf
f ðX ; Y ; ti ; tf Þ ¼
nðX ; Y ; tÞ  dt;
ti
ZZ
gðtÞ ¼
nðX ; Y ; tÞ  dX  dY .

ð5Þ

The energy distribution, p(E), and the angular distribution, r(h, /), are derived from the h(E, h, /; m)
using
ZZ
pðEÞ ¼
hðE; h; /;mÞ  sin h  dh  d/;
Z
ð6Þ
rðh; /Þ ¼ hðE; h; /;mÞ  dE.
Errors transferred to the 3D-momenta from those
in the TOF, Dt, and in the positions, DX and DY,
are given by
sﬃﬃﬃﬃﬃﬃﬃﬃﬃ 

8qm
2
2
l1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  pﬃﬃﬃﬃﬃ
DP z ¼
V t þ Ez
Ez V t
P 2z
!1
1

l
Dt;
2=3 2
ð7Þ
ðV t þ Ez Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
DP x ¼ ðP x  DX =X Þ þ ðP x  Dt=tÞ ;
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DP y ¼ ðP y  DY =Y Þ2 þ ðP y  Dt=tÞ2 ;
where Ez ¼ P 2z =2m, and errors transferred to
energy, DE, and polar angle, Dh, are given by
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qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where P r ¼ P 2x þ P 2y .

ð8Þ

3. Results and discussion
A three-dimensional distribution, n(X, Y, t),
which consists of 106 events, was accumulated
for F+ and Si+ emitted from the F/Si(1 0 0)-2 · 1
surface irradiated by 3.9 keV Ar5+ ions incident
at 30 with respect to the surface normal. Fig.
2(a) shows an example of the TOF spectrum, where
the time range is selected for F+ and Si+ ions. It is
seen that the Si+ peak, skewing to shorter ﬂight
time, is distributed over more than 2 ls. On the

other hand, the F+ peak at 3.9 ls extends from t2
to t3 (s = t3  t2  0.2 ls). Considering the pulse
width of the HCI beam is 50 ns, the intrinsic
TOF distribution of F+ ions is estimated to be
90 ns full width at half maximum. Fig. 2(b) shows
f(X, Y; t2, t3), the 2D-positional distribution of ions
in the TOF range from t2 to t3 depicted in Fig. 2(a).
As is seen in Fig. 2(a), f(X, Y; t2, t3) consists not only
of F+ ions but also of Si+ ions, i.e.
f ðX ; Y ;t2 ; t3 Þ ¼ fF ðX ; Y ;t2 ; t3 Þ þ fSi ðX ; Y ;t2 ; t3 Þ.
ð9Þ
In order to evaluate fSi(X, Y; t2, t3), we assume
fSi ðX ; Y ;t2 ; t3 Þ  f ðX ; Y ;t1 ; t2 Þ=2 þ f ðX ; Y ;t3 ; t4 Þ=2;
ð10Þ
where t2  t1 = t4  t3 = s. Fig. 2(c) and (d) shows
f(X, Y; t1, t2) and f(X, Y; t3, t4), respectively, and
Fig. 2(e) shows resultant fF(X, Y; t2, t3), i.e.
fF ðX ; Y ;t2 ; t3 Þ
 f ðX ; Y ;t2 ; t3 Þ  f ðX ; Y ;t1 ; t2 Þ=2  f ðX ; Y ;t3 ; t4 Þ=2.
ð11Þ

As is seen, the four-peak structure indicated in Fig.
2(b) shows up clearly in Fig. 2(e) with each peak at
7 mm from the center along the crystallographic
directions of the Si(1 0 0) surface, i.e. [0 1 1] and
½011, which corresponds to the direction of F–Si
bond on Si(1 0 0) surface [9]. Considering that the
spot size of the incoming HCI is 2 mm in diameter,
the intrinsic distribution width of the F+ ions is
estimated to be 9 mm full width at half maximum.
The (E, h, /) distribution of ions detected in the
TOF range from ti to tf, assuming the mass is m,
is denoted as h(E, h, /; ti, tf, m). The calculated
(E, h, /) distribution for the blue colored area in
Fig. 2(a) is decomposed into two components originating from F+ and Si+, as follows:
hðE; h; /;t2 ; t3 ; 19Þ
¼ hF ðE; h; /;t2 ; t3 ; 19Þ þ hSi ðE; h; /;t2 ; t3 ; 19Þ.
ð12Þ
The hSi(E, h, /; t2, t3, 19) was evaluated by
hSi ðE; h; /;t2 ; t3 ; 19Þ
 h0 ðE; h; /;t1 ; t2 ; 19Þ=2 þ h00 ðE; h; /;t3 ; t4 ; 19Þ=2;
ð13Þ
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Fig. 3. (a) The energy distribution and (b) the angular
distribution of F+ ions emitted from the F/Si(1 0 0)-2 · 1 surface
irradiated by 3.9 keV Ar5+ ions.

Fig. 2. (a) An example of TOF spectrum of F+ and Si+ emitted
from the F/Si(1 0 0)-2 · 1 surface irradiated by 3.9 keV Ar5+
ions. (b)–(d) 2D-positional distributions of secondary ions:
f(X, Y; t2, t3), f(X, Y; t1, t2), f(X, Y; t3, t4), and fF(X, Y; t2, t3),
respectively.

where h 0 (E, h, /; t1, t2, 19) and h00 (E, h, /; t3, t4, 19)
mean that the origin of the times are shifted by
–s and +s, respectively, when t is converted into
Pz with Eq. (1).
Fig. 3(a) and (b) shows normalized energy- and
angular-distributions of F+ ions, respectively. It
is seen that the energy distribution has a peak
around 2.0 eV and the polar angle distribu-

tion has a peak around 18. It is noted that the latter value is close to a theoretical prediction, 23
[10].
Most probable values of the energy and polar
angle may correspond to most probable 3D
momenta: Px = 28 (0) a.u., Py = 0 (28) a.u. and
Pz = 70 a.u.. Substituting t = 3.9 ls, X(Y) =
7 mm, Pz = 70 a.u., and Px (Py) = 28 a.u. into Eq.
(7), the 3D-momenta including errors are estimated to be Pz = 70 ± 11 a.u. and Px (Py) = 28 ±
2 a.u., respectively, assuming the ambiguity of
the time and position are Dt  15 ns and DX
(DY)  0.5 mm, respectively. Accordingly, substituting Px = 28 (0) a.u., Py = 0 (28) a.u., Pz =
70 a.u., DPz = 11 a.u., and DPx (Py) = 2 a.u. into
Eq. (8), the emission energy and polar angle
including errors are estimated to be E =
2.0 ± 0.6 eV and h = 18 ± 4, respectively.
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