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Abstract
A stationary plasma thruster (SPT)-type source with high plasma density is introduced and its physical principle and
structure are brieﬂy summarized. As general characteristic performance of the gridless SPT plasma source, ion current
density, its angular distributions and distribution of ions over energies for three working gases of Ar, N2 and O2 was
examined and also compared with that of a conventional Kaufman-type grid ion source. In order to investigate the
possible application of SPT for the surface modiﬁcation, polymer and ceramic surfaces are irradiated by the low energy
and high ﬂuence ion beam generated from SPT. The wetting angle of polyimide is greatly reduced from 78 to 2–4 by
+
the irradiation of reactive Oþ
2 and N2O ions with an average energy of 180 eV. Furthermore when a-Al2O3 (0 0 0 1) is
þ
irradiated by N2 ion of SPT source at various ion ﬂuences, the formation of new AlAON and AlAN chemical bonding
are identiﬁed by X-ray photoelectron spectroscopy. From the results, it is revealed that the SPT can be used as an eﬀective ion source for the enhancement of surface energy of polymer and for the formation of functional groups on ceramic
surface.
 2005 Elsevier B.V. All rights reserved.
PACS: 41.75.A
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Various particle sources used in the present technology can be mainly divided in to two classes
[1]: gridded sources and gridless ones. Both the
types have their own merits and demerits. For
example, gridded sources, having their origin from
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Kaufman-type ion source, show good performance
with ions of rather high energy (more than 1 kV),
but they give small ion current density (ICD) at
the level of tens of microamperes per square centimeter. This is a principal consequence of spacecharge limitation concerned with electrostatic
acceleration of ions in their scheme. On the other
hand, gridless sources accelerate the matter in the
form of plasma and do not create suﬃcient space
charge at any step of accelerating process, and thus
the space-charge limitation is absent. It is easy to
generate soft and dense (nearly 100 eV of energy
and tens of mA/cm2 of current density) ion beams
from gridless sources. The stationary plasma thruster (SPT) sources received much attention in the recent past. In literature, the thruster is reported as
‘‘plasma accelerator with closed electron drift and
prolonged acceleration zone’’ [2,3]. The SPT was
invented and developed to an advanced state by
Morozov et al. at Kurchatov Institute, Russia
(then USSR) during 1960s [4]. The SPT is a low
thrust (up to 100 mN) electric space-propulsion engine with high speciﬁc impulse (up to 2000 s). It can
be used for on-orbit maneuvering of satellites and
for long space trips starting from near-Earth orbit.
The thrusters were used for the ﬁrst time in the
space on board of a satellite during 1971 and till
now, they were employed for more than 50
launches of satellites in Russia with SPT as maneuvering engine. The work on SPT was started in
USA and France recently during 1990 [5].
In this study, the physical concept and principles of SPT are brieﬂy introduced and a wide angle
SPT source was characterized in terms of ion current density using Ar, O2 and N2 gases. A reactive
ion beam of SPT with low energy of 150–200 eV
and high ﬂuence of 0.5–4.5 mA/cm2 was irradiated
to modify polymer and ceramic surfaces, and the
change of surface energy and the formation of
new functional groups induced by an ion irradiation are studied.

2. Main physical processes in the SPT
A schematic of SPT-type ion source is shown in
Fig. 1. Main parts of the ion source are as follows:
(1) a magnetic system consisted of iron magnetic

+
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Fig. 1. Schematic diagram of the SPT-type plasma source: (1) a
magnetic system, (2) an annular channel, (3) an anode with gas
distributor and (4) a cathode.

line guide and several magnetic coils, which can
be operated in series with a main discharge or
independently; (2) an annular ceramic channel
where main ionization and acceleration processes
take place; (3) anode which is combined with a
gas distributor in the initial designs but in the later
ones they are separated [3]; and (4) a cathode
which usually a heated hole cathode with LaB6
pellet for emitter, but may be a simple ﬁlament
or hole cathode with heating from main discharge
or hole cathode with additional discharge. In this
study we used the latter one. The magnetic system
creates approximately radial magnetic ﬁeld having
maximum ﬁeld near the source outlet and decreasing ﬁeld towards the source inlet where an anode is
situated. Usually, the maximum of a magnetic ﬂux
density Bm lies in a range 150–300 Gauss. The
form of the magnetic force lines inside the ceramic
channel deﬁnes (with an accuracy to the electron
temperature) the equipotential surfaces of the electric ﬁeld and the direction of the ion acceleration.
They should be convex towards the anode for
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creating convergent plasma beam. Magnetic ﬁeld
magnitude is chosen such that Larmor radius of
electron (qe) will be much less than the length of
discharge gap L (distance between anode and cathode, about 3–4 cm in common SPT) and that of
ion (qi) much more than L (qe  L  qi). Usually,
L/qe  20–30 and qi/L  100 in common SPT.
These conditions imply the electrons are strongly
aﬀected by the magnetic ﬁeld (magnetized) and
not the ions. A role of the annular ceramic channel
is dual. Firstly, the loss of electrons momentum
due to its collisions with the channel walls contributes into electron transfer in the channel (in addition to the collisions with neutrals and ions in
plasma volume). Secondly, the electron collisions
with the channel walls impel the electrons to move
circularly over cylindrical angle, creating Hall current. The Hall current is very important in SPT because the plasma acceleration may be described in
terms of an Ampere–force interaction between the
radial magnetic ﬁeld and the angular Hall current:

where e is elementary charge and Ud is discharge
voltage. The cathode compensates an output ion
ﬂow. Gas ﬂow through the cathode creates plasma
bridge between a cathode cavity and the output
ion ﬂow. The electron ﬂow coming from the cathode divides into two parts: electrons going with ion
beam and electrons going through channel towards anode. A current of the former is equal to
ion current of the source, Ji and can be measured
with Faraday cup situated to gather plasma beam
and biased (30 to 40 V) relative to the cathode.
A current of the latter is equal to electron current,
Je. A net electron current from the cathode is equal
to full discharge current, Jd:

~
f ¼~
J ~
B.

J d ¼ J i þ J e.

ð1Þ

Main ionization processes take place in a zone
near anode (gas distributor) where a plasma potential drop is approximately equal to 40–50 V (the
main potential drop takes place in an acceleration
zone near magnetic ﬁeld maximum). A length of
the zone of ionization is deﬁned by ki ¼ v0 =
vr jie ne , where v0 is mean velocity of neutrals
ðhri j~
entering the channel, ri is an electron-impact ionization cross section, j~
vr j is a modulus of relative
velocity of the electron and the neutral, angle
brackets hÆie means averaging over electron and
neutral velocity distribution functions, and ne is
electron concentration. The ki is one of the main
parameters of the SPT and its ratio to channel
length (c = ki/L) is the main scale parameter of
the device. The eﬀectiveness of the device is high
if c  1/3–1/4 and it is low if c P 1.
As mentioned above, most of the neutrals will
get ionized in zone where voltage drop is 40–
50 V from the net discharge voltage Ud. If recombination processes in the channel are negligible, as
the volume recombination being three particles
process in the plasma volume and at the walls it
may become so with the proper design of magnetic
ﬁeld geometry, the energy distribution of ions var-

iance at the SPT exit will be of the order of 50 V
and this is experimentally reported elsewhere [2].
Mean ion energy in output ﬂow can be estimated
experimentally through the equation


2 3
– eU d ;
ð2Þ
hEi i 
3 4

ð3Þ

As an electric power going into the source
P = JdUd is a power loss, an eﬃciency of the
source can be estimated with equation:
g¼

Ji
.
Jd

ð4Þ

The main parameter controlling the performance of the SPT as ion source, is ionization
length [6]:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
3RT a
;
ð5Þ
ki ¼
M
hri me ine
where ri is an ionization cross section, ve is an electron velocity, ne is an electron density, hÆi means
averaging over an electron velocity distribution,
Ta is neutral atom temperature, M is gas molar
mass and R is molar gas constant. If ki is small
compared with channel length, the eﬀectiveness
of ionization processes will be high and hence the
better performance. Let us compare ki for diﬀerent
gases, for example, Ar and Xe. Since ionization
constant hrivei and molar mass for Xe are higher
than those of Ar approximately by a factor of 2
and 3.28, respectively, the ratio of corresponding
ionization rates is equal to
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pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ki ðArÞ
 2  3.28  3.6.
ki ðXeÞ

ð6Þ

This relation indicates the reason why the source
having good performance for Xe than Ar and
other weakly ionizable gases. One of the ways to
improve the performance of SPT with light noble
gases is to enlarge plasma density ne in the channel.
However, this enlargement is limited often by
pumping abilities of vacuum system available.
One of the ways to avoid this limitation is to work
with SPT in pulsed gas feeding operating mode [7].

3. Experiment
In this work we investigate SPT-type source designed and assembled in Moscow Institute of
Radio-Engineering, Electronics and Automation
(MIREA). The source was designed to obtain
rather broad beam of Ar plasma. For this purpose,
the annular insulator channel was made in the
form of truncated cone and magnetic ﬁeld was
chosen so as to defocus the beam. The source
was modiﬁed to extend the applicability of the device with other gases, except Ar. Initially, we used
a hollow cathode with additional discharge (with
LaB6 powder emitter) and then igniter with high
voltage (upto 15 kV in a peak, usually ignition
voltage is the same as discharge voltage but ignition electrode situated near cathode). The low
power SPT with weakly ionizable gases, always
associated with an overheating of the device leading to low power eﬃciency of the source, as
mentioned earlier. For example, argon usually
exhibits 25–30% eﬃciency and the remaining
70% of the power is consumed for heating the
source itself, where as Xe exhibits 50–65% eﬃciency. The problem of eﬀective deﬂection of this
power is yet to be solved.
The experiments are carried out with Ar, O2
and N2. Their masses, ionization coeﬃcients and
ionization potentials are rather close, hence it is
expected that a similar performance of the source
with all these gases. The overheating problem
forces us not to increase the discharge current
higher than 1.2 A. On the other hand, with the discharge current lower than 1 A, the source transits
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into rather unstable operating mode with strong
ﬂuctuations known as ‘‘circuit oscillations’’ [8].
So, we have only narrow band over discharge current to operate the source and can change operating modes by controlling over the discharge
voltage and a gas ﬂow rate together with keeping
the current constant. With these conditions, we
determine the dependence between gas ﬂow rate
and discharge voltage with constant discharge current (1 A).
The ion current density distribution over an
angle relative to the source axis is measured along
the plane at distance 15 cm from the source outlet
with a small Faraday cup having aperture of
7 mm2. Discharge voltage (Ud) is varied for diﬀerent gases to obtain maximum of the ICD along the
source axis. Measurements are made with diﬀerent
gas ﬂow rates within a range 4–8 sccm. Ion distributions over energy are measured with the same
Faraday cup modiﬁed to repel the electrons.
The polyimide (PI) (Kapton-E, 38 lm) samples
+
were irradiated with Ar+, Oþ
2 and N2O ions. The
surface morphology of the irradiated samples was
examined by an atomic force microscope (Nanoscope-IV, DI3100) and the change of surface
energy is automatically calculated by measuring
the wetting angle of deionized water and ethylene
glycol using a Goniostar contact anglometer. Single crystal a-Al2O3(0 0 0 1) was also irradiated with
Nþ
2 ion at various ion ﬂuences and the induced
chemical bonding on the modiﬁed surface was
identiﬁed by XPS (PHI-5700).

4. Results and discussion
4.1. Characterization of SPT
The dependence Ud(q) of discharge voltage Ud
on gas ﬂow rate q with constant discharge current
(1.1 A) for diﬀerent gases is shown in Fig. 2. Note
that the curve for Ar exhibits some signs of saturation, which show that the ionization processes in
the case of Ar are more eﬀective. It is expected,
as the argon mass and ionization coeﬃcient are
higher than other gases studied.
Fig. 3 shows the dependence ji(Ud) of ion current density ji on discharge voltage along the beam
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Fig. 2. Variation of discharge voltage with gas ﬂow rate under
constant discharge current for Ar, O2 and N2.

axis at the distance 15 cm from the source outlet
with constant discharge current. The most interesting feature of the ﬁgure is the presence of maxima
in the curves. The appearance of maxima becomes
more evident, as the voltage should adjust with

respect to the gas ﬂow rate in order to keep the discharge current constant. But at suﬃciently low
voltages the ion current should tend to zero. The
same is true for the opposite direction: increasing
of the discharge voltage leads to decreasing of
the gas ﬂow rate (if there is no saturation) and at
suﬃciently high voltage (and, consequently, suﬃciently low gas ﬂow rate) the current should tend
to zero again. So, it should achieve maximum
somewhere in the intermediate point. In the Ar
case the maximum is not well marked and this relates with the trend of the Ar discharge showing
the saturation, which is seen from Fig. 2, where
the curve for Ar is almost vertical. At the point
of the upper end of the curve it seems the maximum appears but this mode is very unstable. However, in the case of Ar, higher the voltage higher
will be the ion current, at least up to 290–300 V.
The angular distributions of the ICD along the
plain at the distance 15 cm from the source outlet
for investigated gases are presented in Fig. 4. The
discharge voltages for Ar, O2 and N2 were 225, 270
and 260 V, respectively. For other voltages the distributions do not show any noticeable change and
are quite similar. As we use diﬀerent gas ﬂow rates
for diﬀerent gases (because of the diﬀerent voltages
chosen) it will be useful to divide the ion current
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densities by corresponding gas ﬂow rates for comparison. These reduced current densities are shown
in Fig. 5.
Measured ICD for Ar in the studied SPT source
is of the order of 1 mA/cm2, which is two orders
higher than that measured in conventional Kaufman-type ion source [9]. Other studied gases exhibit the close performances in SPT. To compare, we
estimate the ionization lengths of the gases. For
the electron temperature Te = 15 eV, ki = 3.3 cm
for Ar, 6.4 cm for O2 and 6.6 cm for N2 (the cross
sections for Ar taken from [10] and for O2 and N2
from [11]. As the distance between the cathode and
anode in our source is equal to 2.5 cm it is rather
evident that the source should show good performance with Ar. The diﬀerence in ki between O2
and N2 shows, more complicated ionization processes taking place in the source with multi atomic
molecules than only one parameter k as it is
described.
The results of ion energy analysis for Ar and N2
are presented in Figs. 6 and 7, respectively. Distribution of ion beam energy was measured by using
a retarding ﬁeld analyzer. The average ion energy
(Eav) and energy dispersion (r) for Ar, calculated
from Fig. 6, are EAr
av ¼ 160 eV (70% of Ud) and
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rAr = ± 20 eV, and those for N2 calculated from
Fig. 7 are EN
av ¼ 160 eV (60% of Ud) and rN2 ¼
18 eV. The results with oxygen are analogous
to these two gases.
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4.2. Surface modiﬁcation by SPT
4.2.1. PI surface
Fig. 8 presents the changes of the wetting angle
when PI surfaces were irradiated with Ar+, Oþ
2 and
N2O+ ions at diﬀerent ion ﬂuences. DI water and
ethylene glycol drop of 9 ll were automatically
dropped through 0.19 inner diameter nozzle of
syringe and a wetting angle was measured by computer. Wetting angle was measured through computer by dropping about 9 ll of DI water and
ethylene glycol on PI surface using syringe of
0.19 inner diameter nozzle. As shown in Fig. 8,
the wetting angle of PI surface is reduced from
78 (non-treated PI) to 32 when inert Ar+ ion
beam is irradiated. When PI is irradiated with
reactive Oþ
2 ion beam with low current density of
0.5 mA/cm2, the wetting angle quickly dropped
to around 25 for the ion ﬂuence of 5 · 1015/cm2
and remained at the same value for the ﬂuence
up to 1 · 1017/cm2 and it is then decreased to less
than 10 for the ﬂuence higher than 1 · 1017/cm2.
The wetting angle is remarkably reduced to below
10 by reactive Oþ
2 ion beam irradiation with the
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Fig. 8. Variations of wetting angles at various ion ﬂuences for
+
ion irradiated polyimide surface with
Ar+, Oþ
2 and N2O
180 eV impinging energy (low and high correspond to the ion
current density of 0.5 and 0.8 mA/cm2, respectively).

high current density of 0.8 mA/cm2, even at the
very low ﬂuences. At ﬂuences higher than
1 · 1017/cm2, the wetting angle becomes too small
to be precisely measured. In case of N2O+ ion
beam irradiation, the wetting angle drops to 28
for ﬂuence 5 · 1015/cm2 and showed the same
value for 1 · 1016/cm2. But at the ion ﬂuence higher than 1 · 1016/cm2, the wetting angle abruptly
decreases to 2, which indicates that N2O+ ion is
an eﬀective ion species to reduce the wetting angle
at relatively lower ﬂuence than Oþ
2 ion irradiation.
Wetting angle is known to correlate with surface
energy (c), which is usually expressed as the sum
of both polar force (cp) and dispersion force (cd).
Using wetting angle parameters of DI water and
ethylene glycol, surface energies of ion irradiated
PI can be calculated by the adoption of the
Owens–Wendt equation [12] and these results are
presented in Fig. 9. As seen in Fig. 9, the surface
energy of PI increases from 37 erg/cm to 69 erg/
cm by Ar+ ion irradiation. On the other hand, it
is greatly raised up to 81.2 erg/cm by the irradia+
tion of Oþ
2 or N2O ion beam, which is two times
higher than that of bare PI. This reveals that
surface energy of the PI can be eﬃciently increased
by reactive ion irradiation compared with an inert
Ar+ ion irradiation. This result agrees with previous reports that, keV ion irradiation on polymer
surface in reactive gas environment increased the
surface energy, in particular polar force by the
increment of the amounts of hydrophilic groups
(i.e. C@O) on modiﬁed surface [13,14].
In this study, Oþ
2 ion beam energy of 180 eV is
still so high enough to break the polymer chain
on PI surface and in addition reactive atomic oxygen species resulting from dissociation after the
collision with PI surface might participate in the
formation of new chemical bonding with unstable
broken chains. This assumption can be suﬃciently
supported by the increment of polar force in the
Oþ
2 irradiated PI surface compared to that of irradiated by Ar+.
In case of N2O+ ion beam, two aspects of both
chemical reaction and high mass transfer should
be considered. Moreover, similar to Oþ
2 ion beam
impingement, N2O+ ion would be broken into several species like NO, O, N2 and N at the collision
on the PI surface. These reactive species actively
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Fig. 9. Variations of surface energy at various ion ﬂuences for
+
ion irradiated polyimide surface with
Ar+, Oþ
2 and N2O
180 eV impinging energy (low and high correspond to the ion
current density of 0.5 and 0.8 mA/cm2, respectively).

take part in forming the chemical bonding such as
aromatic carbon bonded with O and N, carbonyl
carbon and ether carbon etc and some of which
improve the polar force of the PI surface. Such a
dual eﬀects of N2O+ ion beam irradiation make
the wetting angle abruptly decreased to 2 at even
low N2O+ ion ﬂuence of 5 · 1016/cm2. At this ﬂuence, Ar+ and Oþ
2 ion irradiation merely decrease
the wetting angles as much as 44 and 25, respectively. From the wetting angle measurement, low
energy ion beam irradiation on PI shows much
better performance for increasing the surface energy compared with previously reported surface
treatment methods of plasma [15] and reactive
ion etching [16].
Fig. 10 shows the evolution of C1s, N1s and
O1s core-level spectra of bare and ion beam impinged PI surfaces by 1 · 1016/cm2 Ar+, 5 · 1015/
16
2
+
cm2 Oþ
2 and 5 · 10 /cm N2O ions. C1s is comprised of four components, heareafter C1, C2, C3
and C4 features constrained to their values for
clean PI. The component peak C1, aromatic carbon, at 284.5 eV is attributed to the carbon atoms
of two benzene rings of the ODA. The component
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peak C2, aromatic carbon bonded N, at 285.3 eV is
related to carbon atoms of the benzene ring in the
PMDA and CAN bonding. Peak C3 at 286.1 eV
corresponds to a CAO single bond and peak C4,
carbonyl carbon, at 288.5 eV pertains to a C@O
double bond. The oxygen O1s peak consists of
two components, the carbonyl oxygen O1 (C@O,
531.9 eV) and the ether oxygen O2 (CAOAC,
533.2 eV). N1s is ﬁtted into the imide group
(400.1 eV) and iso-imide group (CANAC,
398.8 eV). The energy diﬀerence 1.3 eV of ﬁtted
value coincides with the previous report on XPS
spectra of PI irradiated by 0.1 keV oxygen ion
beam [17]. Especially the ratio of carbonyl and
ether oxygen by the ﬁtting of O1s core-level spectra is estimated and the oxygen content in all the
samples are increased from 14% for bare PI to
higher than 29% after Oþ
2 (high) ion irradiation
and to about 28% for N2O+ ion irradiated PI surface at ion ﬂuence 5 · 1016/cm2. From the results,
the ratio of carbonyl O (C@O) increases from
9.9% of the bare PI surface to 18.3% and 17.08%
+
ion impinged PI surfaces,
for Oþ
2 and N2O
respectively. Direct irradiation of low energy reactive ion beam on PI was proved eﬀectively to increase the atomic contents of hydrophilic C@O
groups.
4.2.2. a-Al2O3(0 0 0 1) surface
Fig. 11 shows XPS spectra of N1s core-level for
the a-Al2O3(1 0 0 0) treated by Nþ
2 LIB with the ion
beam energy 175 eV. The ﬂuence is varied from
5 · 1015/cm2 to 1 · 1018/cm2. For Nþ
2 irradiation
on sapphire up to 5 · 1016/cm2, only one peak located at around 398.7 eV is observed and is related
to non-bonded N2 or NO bonding [18]. It is believed to result from NAN bonding of implanted
N2 not bonded with any Al or O, or NO molecule.
After the irradiation of 1 · 1017/cm2, another peak
is observed at the binding energy of 403 eV higher
than NAN bonding and this results from the formation of AlAOAN. The intensity of AlAOAN
shows steady increase with ion ﬂuence up to
2 · 1017/cm2. After 5 · 1017/cm2, interestingly a
new peak is observed at lower binding energy position than NAN bonding, which is located at
396.6 eV. Since the estimated binding energy difference between this peak and that of AlAOAN
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Fig. 11. N1s core-level X-ray photoelectron spectra of bare and
Nþ
2 ion beam treated sapphire substrates.

is about 6.4 eV, it can be obviously regarded as the
AlAN bonding [19]. The peak intensity of AlAN is
also increased after longer irradiation with ﬂuence
1 · 1018/cm2 and the peak intensity ratio of AlAN
to AlAOAN corresponds to 3.3. From the results
it is clear that, low energy Nþ
2 ion beam impingement on sapphire single crystal is very eﬀective to
form the functional layer on the surface and can
produce diﬀerent chemical bonding by the change
of the ion ﬂuence even at room temperature. In
previous results [20], it is reported that only
AlAOAN bonding was formed when low ﬂux
2
Nþ
2 ion beam (2 lA/cm ) was irradiated on the
sapphire single crystal using hollow cathode ion
beam with ion beam energy higher than 500 eV
and ﬂuence over 5 · 1016/cm. This also show that,
even though ion beam energy is lower than 500 eV,
high ﬂux of ion beam current plays an eﬀective role
in the formation of AlAN bonding (enthalpy
297 kJ/mol). Fig. 12 represents the surface roughness variation with ion ﬂuence for ﬂuence from
5 · 1015 to 1 · 1018/cm2. The surface roughness
was greatly diminished from 0.55 nm before the
ion beam treatment to 0.11 nm just by the irradiation with low ﬂuence 1 · 1016/cm2 and it seems to
be saturated to as smooth as 0.1 nm up to 5 · 1017/

Fig. 12. Change of surface roughness of the bare and ion beam
irradiated sapphire surfaces.

cm2. But the surface became slightly rough again
to 0.15 nm after long irradiation to 1 · 1018/cm2.

5. Conclusions
Investigations of the SPT-type plasma source
show suﬃciently high ion current density (two orders higher than in gridded sources [9]) with both
noble (Ar) and reactive (O2 and N2) gases. The
source has given rather broad ion beam with the
average ion energy equal to 60–70% of the discharge voltage. The source is prospective for using
in technological ﬁelds, where it is needed relatively
soft and dense particle beams. As one of the applications, the surface energy of PI could be greatly
increased from 37 erg/cm2 to 81 erg/cm2 by both
+
beam irradiation generated by
Oþ
2 and N2O
SPT, in which the processing time was also much
reduced by 50–100 times than those of conventional ion sources of Kaufman and cold hollow
type. Reduction of wetting angle is well explained
by a large increase of carbonyl oxygen contents on
ion irradiated PI surface. Moreover, AlAN and
AlAOAN bonding could be successfully and eﬀectively formed at room temperature through Nþ
2
ion irradiation by SPT on a-Al2O3(1 0 0 0) single
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crystal surfaces. As a summary, SPT with very low
energy and high ﬂuence can be regarded as a very
useful ion source for surface modiﬁcation of polymers and ceramics.
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