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Abstract The total electron emission yields following the interaction of slow highly charged ions (SHCI)
O**with different material surfaces (W, Au, Si and SiO2) have been measured. It is found that the electron

emission yield y increases proportionally with the projectile velocity v ranging from 5.36 x 105m/s to 10.7 x

105m/s. The total emission yield is dependent on the target materials, and it turns out to follow the relationship

y(Au) > ~(Si) > v(W).

The result shows that the electron emission yields are mainly determined by the

electron stopping power of the target when the projectile potential energy is taken as a constant, which is in

good agreement with the former studies.
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1 Introduction

A slow highly charged ion (SHCI) carries a large
amount of potential energy when its initial velocity
is relatively small, where “slow” means the velocity
is less than the Bohr velocity (vgon, = 2.19% 10m/s).
When a SHCI impacts on a solid surface, tens to hun-
dreds keV of potential energy can be deposited into
the solid surface layers within a nanometer depth in
5 to 10 fs, and the energy power density can reach
to 10 W/cm? which would create the defects in the
size of the nanometer order. These new features had
attracted a lot of attention of many well-known lab-
oratories in the world. Slow electron, projectile and
target particle can be ejected in SHCI-surface inter-
action, and X-ray and the visible light can also be
detected. Since electron emission (EE) always occurs

whenever ions interact with matter, the knowledge
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of electron yields as well as their energy and angular
distributions are of major importance in a variety of
research fields, such as radiation physics, chemistry,
biology, plasma-wall interactions, and surface analy-
sis %),

Ton-induced electron emission can be used to in-
vestigate the basic features of charged-particle inter-
actions with condensed matter. Since only a very
small amount of momentum is transferred from the
target electrons to the projectile, no backscattering
of projectiles by the target electrons has to be con-
sidered. However, EE has to be taken into account
whenever it is necessary to obtain the rate of charged
particles by measuring their associated charge cur-
rent. Thus, precise data of EE yields as well as
a shortcut calculation of the EE yields are impor-
tant for ion-beam experiments in atomic and nuclear

physics, especially in material modification and anal-
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A few experiments about the electron emission
from solid targets by SHCI had been reported before
%91 1t’s found that EE from a solid surface under
the bombardment of SHCIs may be caused by two

o, 11], which are Po-

essentially different mechanisms
tential emission(PE) and Kinetic emission(KE). PE
results from the interaction of empty projectile states
with the surface valence-band states, and the PE con-
tributions from Auger neutralization, Auger deexci-
tation after resonance neutralization, and autoioniza-
tion after multiple resonance captures for multiply
charged ions can be specified. On the other hand, KE
is initiated in close encounters between the incident
ions and target particles when the kinetic energy of
the projectile is dissipated to the target electrons and
caused the slow electrons to be emitted from the tar-
get. KE can only proceed beyond a certain threshold
incident velocity of typically 10° m/s.

A common observable in EE is the statistical elec-
tron emission yield v, which is defined as the average
number of electrons emitted per projectile. The PE
and KE processes are considered to be independent,
so the total electron emission yieldsy for both pro-

cesses is given by

v=7(5) +~(Ep) . (1)

where v(S,) is KE yield, v(Ep) is PE yield, S, is the
electron stopping power, and Ep is the potential en-
ergy of projectile ions. It should be mentioned that
in the most popular theoretical models™* **! , the EE

yield v is considered to be proportional to the elec-

dE

d_) , where dF is the
X /e

energy loss spent in electronic processes per unit path

tronic stopping power S, = (

length dz. This leads to a general relationship

Se
cos

(2)

Where, 6 is the incident angle of the projectile rel-

v=B

ative to the surface normal (0° in our case), and B
is a factor which depends on the depth distribution,
the energy distribution, and the escape probability of
electrons from the solid[®!.

For proton bombardment, it has been confirmed
experimentally that B =+/S, was roughly a constant
within about 10% accuracy in the wide projectile en-
ergy range of 10 keV/u to 24 MeV/u[lo’ M for var-
ious targets. As for heavy ions(HI) bombardment,
deviations from the simple rule B = /S, have been

observed, especially at low incident velocities!"® '

It’s reported that B increased with decreasing v at
v2/2 <25 keV /ul"?.

The most important purpose of this work was to
measure the EE yields from different solid surfaces
(Si, W, Au and SiO,) bombarded by the O** ions at
different velocities, and to test whether the theoreti-
cally predicted and experimentally confirmed Eq. (2)
is also valid for heavy ion bombardment at lower inci-
dent velocities. In this case, the yield induced by the
projectile potential energy deposition can be taken as
a constant[”], thus, the factor B, i.e. the ratio of EE
yields to electron stopping power for various target

materials can be obtained.

2 Experimental setup

The ion beams were provided by the 14.5 GHz
electron cyclotron resonance (ECR) ion source at the
national laboratory of Heavy Ion Research Facility
in Lanzhou (HIRFL). A plenty of experiments on
SHCI-surfaces interactions have been performed on

this platform[ﬁ’ 17, 18]

. In the present experiment, the
ion beams of O*" with a current of a few tens of nA
were focused and collimated to a diameter of about
3 mm, and impacted vertically onto the surfaces of
W, Au, Si and SiO, respectively. The target surface
area was 19x24 mm? and the base vacuum in the

chamber was kept in the order of 10~% mbar.

Rejection
aperture Cage
/ Target
HCI
/I ! +100V
20X3 mm’ L. L

10X 5 mm?

Fig. 1. Schematic diagram of experimental
setup used to measure electron yields at
HIRFL.

The apparatus adopted to measure the electron
yields is shown schematically in Fig. 1. The ion beams
were collimate by a rejection aperture (20x3 mm?),
then passed through the left window (10x5 mm?) of
a cage which worked as a Faraday cup, and finally



Suppl. II

XU Zhong-Feng et al: Slow highly charged ion O*t induced electron emission from clean solid surfaces 249

arrived on the target surface where the electron emis-
sion took place. The outgoing electrons were collected
by the cage. The cage current I. was almost zero un-
der the condition that the cage was at zero voltage if
the incoming ions were well collimated.

Our measurement followed two steps. In the first
measurement, the cage was biased to a positive volt-
age of +100 V so as to accelerate the secondary elec-
trons toward the cage. Under this condition, the tar-
get current I, is the sum of the projectile beam cur-
rent I; and the electron emission current I,. This
leads to!”

I =L+1.=L+~(l/q), (3)

where v is the EE yield per incident ion and ¢ is the
charge state of the projectile ions. In the second mea-
surement, the cage was biased to a negative voltage
of —100 V. Since the abundance of emitted electrons
with energy higher than 50 eV is negligibly small, al-
most all of the emitted electrons were suppressed by
the negative voltage and returned back to the target
surface. The target current I_ is the sum of the pro-
jectile beam current and the sputtering ions current.
Since the yield of the sputtering ions is at least three
orders less than the EE yield and negligible, we can
consider I_ as the projectile beam current I; approx-
imatively. Therefore, the EE yield ~y is given by
I, -1
I_/q
and the electron yields can thus be obtained.

v= (4)

3 Results and discussion

The total electron emission yields for different tar-
get surfaces as a function of impact velocity were
shown in Fig. 2. The targets include gold (Au),
tungsten (W), silicon (Si) and silicon dioxide (SiOy).
The velocities of the incident O*t ions ranged from
5.36 x10° m/s to 10.7x 10° m/s, which correspond to
projectile kinetic energies ranging from 6 keV /ion to
24 keV /ion.

Figure 2 shows that the electron yields increase
with the increasing projectile velocity v and are
roughly proportional to v in the velocity range of our
experiments (5.36x10° m/s < v < 10.7x10° m/s). The
EE yields are highest for Au followed by W, Si and
SiO,, that is y(Au) > y(W) ~ 4(Si) > v(SiO,), and
the slope of the EE yields verse velocity is also high-

est for Au followed by W, Si and SiO,. A slightly
larger electron yield for W surface than that for Si
surface is observed. For SiO,, the electron yields are
nearly zero (even a bit smaller than zero) in our ex-
periments. However, in Ref. [7], the measured yields
was about 10 e~ /ion for the same target SiO, and
almost the same projectile kinetic energy and charge
state. We notice that in the experiments of Ref. [7],
the target surfaces were biased to a voltage of —2 kV
to favor the detection of emitting electrons, while the
target surfaces in our experiments were earthed. Our
results demonstrate that the electron emission yield
from an insulator surface is about the same as (even
slightly less than) the sputtering yield from the insu-
lator surface.
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Fig. 2. Total electron emission yields ~ for im-

pact of O*" on clean surface of Au, W, Si and
SiO2 vs impact velocity v.
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Fig. 3. Total electron emission yields v for im-

pact of O**on clean surface of Au, W, and Si
surface vs electron stopping power of incident
ions, which was calculated from TRIM 2003.

Figure 3 shows the electron emission yields « for
the bombardment of the O** ions on clean Au, W,
and Si surfaces as a function of the electron stop-
ping power S, which was calculated by TRIM 2003.
The results in Fig. 3 indicate that the electron yields
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are proportional to electron stopping power, as im-
plies that for a given target, the slope B is indeed a
constant for heavy ions at lower incident velocities.
This is in good agreement with the previous studies
in different energy ranges[lo’ ] The values of slope
B for the Au, W, and Si targets were deduced and

illustrated in Table 1.

Table 1. The value of B for different targets.
Au Si w
B/e™ -atom/(ion-cm?-eV)  0.37 0.11 0.09
error 3.1% 1.4% 3.9%

Our results indicate that the relation B=+~/S. =
const also holds for heavy ion projectiles at low in-
cident velocities within a uncertainty less than 4%.
Unlike the result of the proton bombardment, the
value of B for heavy ion bombardment depends on
the atomic number of a target Zr and it follows the
relationship B(Au) > B(Si) > B(W) for the Au, W,
and Si targets.

4 Conclusions

The electron emission yield in the interactions of
slow and highly charged ions with solid surface is
due to both potential electron emission and kinetic
electron emission. In this paper, we compared the
electron emission yields from a series of materials by
projectile O%* with different kinetic energies. The re-
sults showed a linear dependence of the total yield on
the projectile velocity. Further investigations showed
that, v are indeed proportional to S,, and therefore
the results confirmed the validity of the Eg. (2). Tt
was also found that the value of B for heavy ion bom-
bardment depends on the type of targets (see Table
1). The values of B for the Au, W, and Si targets turn
out to fulfill the relationship B(Au) > B(Si) > B(W).

We give our thanks to FANG Yan and REN A-
Qi for their assistance in the experimental work per-

formed at ECR ion source in Lanzhou.
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