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Abstract 
Electron cyclotron resonance ion source (ECRIS) has a 

wide range of application, e.g., cancer treatment and mate-
rial synthesis. We have constructed the ECRIS which can 
provide various ion species and investigated how to pro-
duce multicharged ions efficiently in Osaka University. In 
recent years, we have focused on waves propagations in 
plasma and conducted the upper-hybrid resonance (UHR) 
experiments. The second microwaves whose frequencies 
are much higher than fundamental ECR’s one are superim-
posed to the ECR plasma. We have also conducted experi-
ments heating by the coaxial semi-dipole antenna with the 
aim of enhancing the right-hand polarization (RHP) wave, 
which contributes to ECR. 

We measure simultaneously plasma parameters in those 
regions by two Langmuir probe inserted into each location 
under the same operation condition. These probes are set at 
the upperstream and the downstream of the ECR zone. We 
measure the electron energy distribution function (EEDF) 
and the ion saturation current Iis in the two regions. We pre-
sume RHP waves propagation near the ECR zone by com-
paring measurements results and the accessibility of the 
RHP wave in the ECRIS. The accessibility is estimated 
from the B profiles by the calculation and the ne profiles 
obtained by the fitting with the past measurements. In near 
future, we optimize the coaxial semi-dipole antenna in or-
der to optimize the ECR efficiency by the 2.45 GHz micro-
wave.  

INTRODUCTION 
Ion sources based on electron cyclotron resonance  

(ECRIS) have a wide range of applications, e.g., cancer 
treatment and material synthesis [1, 2]. We have con-
structed the ECRIS, which can provide various ion species 
efficiently for those various applications. We have investi-
gated how to produce multicharged ions efficiently in 
Osaka University [3-6].  We have focused on waves prop-
agations in ECR plasma and conducted the upper-hybrid 
resonance (UHR) experiments. The second microwave 
(4-6 GHz) whose frequencies are much higher than funda-
mental ECR’s one (2.45 GHz) are superimposed to ECR 
plasma as extraordinary (X) mode and got evidences for 
occurrence of UHR in the experiments [3-5]. We installed 
coaxial semi-dipole antenna, which is the new type antenna 
on the mirror end along the geometrical axis of the vacuum 
chamber. We compared ion beams extracted from the  
ECRIS with the new antenna and that with conventional 
one which is the rod antenna installed on the side wall of 
the vacuum chamber. We obtain the experimental results 

that the coaxial semi-dipole antenna contributes to stable 
increase of the multicharged ion beams at high power [7]. 

Multicharged ion beams have been improved using var-
ious methods, e.g., increasing of the magnetic field 
strength and the microwave frequency, using the DC bi-
ased plate-tuner, mixing low z gases, and heating by mul-
tiple frequencies. However the position of microwave 
launching has been empirically determined on conven-
tional ECRIS. There is still room for improvement with the 
respect to more efficient excitation of the RHP wave prop-
agation. The objective of this research is the estimation of 
the propagation of the RHP wave near the ECR zone, and 
in the opposite peripheral region beyond it. We measure 
simultaneously plasma parameters in those regions by two 
Langmuir probe inserted into each location under the same 
operation condition. We can measure plasma parameters, 
i.e., the electron density ne, the electron temperature Te, the 
Iis, and the EEDF. We measure EEDF’s and Iis’s in the up-
perstream and downstream regions near the ECR zone. We 
observe that Iis’s and tails of EEDF’s measured on the side 
closer to the microwave launching are higher than those on 
the other side. These results are consistent with the propa-
gation theory of the RHP wave in the ECR plasma. We 
compare extracted ion beams by launching microwaves 
from the coaxial semi-dipole antenna and the rod antenna. 

BRIEF THEORICAL BACKGROUND  
AND EXPERIMENTAL APPARATUS 

The RHP waves which give rise to ECR are transverse 
electric (TE) mode and propagate in the direction parallel 
to magnetic fields. On the basis of the RHP wave disper-
sion relationship for the case of no collisions and infinite 
mass ions, the RHP wave refraction index Nr can be written 
using the electron plasma frequency fpe and the electron cy-
clotron frequency fce as following: 
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where 𝑓  is the frequency of incident microwave (RHP 
wave), 𝑣 is the phase velocity of the RHP wave, and 𝑐 is 
the velocity of light.  

Figure 1 shows the typical dispersion relationship of the 
RHP wave. The vertical and horizontal axes show 
𝑣ଶ/𝑐ଶ  and f respectively. There is three regions A  
(𝑓 ൏ 𝑓ୡୣሻ , B (𝑓ୡୣ ൏ 𝑓 ൏ 𝑓 ሻ , and C (𝑓 ൏ 𝑓ሻ  where 𝑓   is 
the R-cutoff frequency which is the cutoff of the RHP wave 
(Nr→ 0). A and C regions are propagation regions of the 
RHP wave (𝑣ଶ  0ሻ and B region is the non-propagation 
region (𝑣ଶ ൏ 0ሻ . The fce depends on the magnetic field 
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strength B and the 𝑓  depends on B and the ne. The micro-
wave frequency launched to the vacuum chamber 
(2.45 GHz) relatively move between the three regions 
(A, B and C) in the dispersion relationship with the change 
of the fce and the 𝑓 .  

 

 
Figure 1: The typical dispersion relationship of RHP 
waves. 

Figure 2(a) and 3(a) shows a schematic drawing of the 
ECRIS in Osaka Univ. It consists of a cylindrical vacuum 
chamber (160 mm in inner diameter and 1074 mm in 
Fig. 2(a)/1054 mm in Fig. 3(b) in length) with several ports 
at the top and the side wall. We use the cartesian coordinate 
system (x, y, z) with the origin located at the center of the 
chamber. The magnetic configuration of the ECRIS is 
formed by mirror coils (Coil A and B), an additional coil 
(Coil C), and permanent octupole magnets. Currents of 
three coils are defined as IA, IB, and IC, respectively. Nor-
mally, the IA and the IB are 150 A, occasionally 170 A, and 
the IC is optimized within ±20 A. The ECR zone is formed 
in the center of the chamber and is controllable by adjust-
ing the IC. 2.45 GHz microwaves are generated by the mag-
netron (incident microwave power 1.3 kW at the maxi-
mum) and are introduced into the vacuum chamber of the 
ECRIS thorough the coaxial window. We launch them 
from coaxial semi-dipole antenna z=-448 mm, in Fig. 2(b) 
or the rod antenna z=-175 mm, in Fig. 2(c) installed on the 
side wall of the vacuum chamber. The coaxial semi-dipole 
antenna is installed along the geometrical axis of the vac-
uum chamber in consideration of RHP wave propagation 
which is parallel to the B field [7-9]. The shape of the co-
axial semi-dipole antenna is L-shape at the tip because we 
aim to exciting RHP waves by enhancing TE mode [7-9] in 
Fig. 2(b). The aluminum plate tuner (120 mm in diameter 
and 2 mm in thickness) is inserted behind the semi-dipole 
antenna. It is movable horizontally from z=-498 mm to 
z=-468 mm.  

The operating gas is Ar and operating pressures are  
10-4~10-3Pa. Langmuir probes LP1 (z=-175 mm) and LP2 
(z=175 mm) and L-shape probe (z=364 mm) are inserted 
from the side port of the vacuum chamber and the plasma 
electrode in the case I in Fig. 2(a) and II in Fig. 3(a) respec-
tively. LP1, 2 and L-shape probe consist of cylindrical Mo 
wires of 0.5 mm in diameter and 10 mm for LP1 and LP2 
and 15 mm for L-shape probe in length in Fig. 2(d) and in 
Fig. 3(b). They are movable within x=0-50 mm for LP1 
and LP2, and movable in the direction of the rotation for 
L-shape probe. We can estimate the plasma parameters, 
e.g., the EEDF, the Iis (measured by applying -45V to 
probes), the ne, and the Te. Ion beam extraction electrodes 

 
Figure 2: Schematic drawing of ECRIS (Case I) (a).  Co-
axial semi-dipole antenna installed on the z-axis (b). Rod 
antenna installed on the side wall of the vacuum chamber 
(c). Probes inserted from the side port (LP1 and LP2) (d). 

 
Figure 3: Schematic drawing of previous ECRIS for 
Fe@C60 (Case II) (a).  L-shape probe inserted from the ex-
tractor (b). 
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consist of the plasma electrode (PE), the mid-electrode 
(E1), and the extractor electrode (E2) in Fig. 1(a). Ex-
tracted ion beams are focused by the einzel lens and ana-
lyzed by a sector magnet. Ion beam currents are measured 
by several Faraday cups. We can obtain the charge state 
distribution (CSD) of the extracted ion beam.  

Figure 4 shows the typical accessibility condition in the 
x-z plane of the vacuum chamber estimated from the past 
measurements of ne profiles and calculated B.  Black and 
red lines represent the ECR and the R-cutoff regions re-
spectively. It represents the location of the coaxial semi-
dipole antenna, the rod antenna, and measurement regions 
of the LP1 and LP2. There is the B region, which is non-
propagation region between the coaxial semi-dipole an-
tenna and the rod antenna. It is considered that the RHP 
wave launched from each antenna difficult to reach the op-
posite region beyond the ECR zone. We consider that RHP 
waves from each antenna produce ECR more efficiently on 
the closer side with respect to the antenna than on the other 
side from the point of the accessibility condition. We meas-
ure and compare the plasma parameter Iis and EEDF in the 
two regions. 

 
Figure 4: The typical accessibility condition in the x-z 
plane. 

EXPERIMENTAL RESULTS  
AND DISCUSSIONS 

Comparison of the Iis’ Measured by LP1 and 
LP2 in the Case of the Microwave Launching by 
Each Antenna 

Figure 5 shows comparison of the Iis’s profiles in the 
x direction measured by LP1 and LP2 in the case of the 
microwave launching by the coaxial semi-dipole antenna 
(a) and the rod antenna (b) under conditions which are Ic’s 
are 11 and 15 A respectively. Vertical and horizontal axes 
are Iis and measurement positions x respectively. Red and 
blue plots represent measurement results of LP1 and LP2. 
In the case of the coaxial semi-dipole antenna, Iis’s meas-
ured by LP1 are higher than those by LP2. On the other 
hand, Iis’s measured by LP2 are higher than those by LP1 
especially in the center of the vacuum chamber in the case 
of the rod antenna. These results indicate that the ECR on 
the side closer to the antenna is more efficient than the 
other side. This is consistent with propagation theory of 
RHP waves that they cannot pass through the B region 
above already mentions. 

 
Figure 5: comparison of the Iis’s profile in x direction meas-
ured by LP1 and LP2 in the case of the microwave launch-
ing by the coaxial semi-dipole antenna (a) and the rod an-
tenna (b). 

Comparison of the EEDF’s Measured at  
z=-175 and 75 mm in ECRIS 

Figure 6 shows comparison of the EEDF’s measured by 
LP1 and LP2 at the x=0 in the case of the microwave 
launching by the coaxial semi-dipole antenna (a) and the 
rod antenna (b). Red and blue plots represent measurement 
results of LP1 and LP2. In both cases of microwave launch-
ing by each antenna, EEDF’s measured on the side closer 
to each antenna have higher tail than the other side. We can 
calculate the effective electron energy Teff from EEDF’s. In 
the case of the coaxial semi-dipole antenna, Teff’s are 
12.9 eV (LP1) and 12.7 eV (LP2). In the case of the rod 
antenna, Teff’s are 11.0 eV (LP1) and 9.72 eV (LP2). We 
observe that the EEDF measurement results indicate same 
tendencies as Iis, which are consistent with the propagation 
theory of RHP waves.  

 
Figure 6: Comparison of the EEDF’s measured by LP1 and 
LP2 at the x=0 in the case of the microwave launching by 
the coaxial semi-dipole antenna (a) and the rod antenna (b). 
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Typical CSD’s of Ion Beams Extracted from 
Plasmas Produced by Each Antenna at Low and 
High Power 

Figure 7 shows typical CSD of the ion beams extracted 
from Ar plasmas produced by each antenna at the low 
power 100W (a) and the high power 280-300W (b). The 
black and red plots represent the case of the coaxial semi-
dipole antenna and the rod antenna respectively. At the low 
power in Fig. 7(a), the currents of multicharged ions 
(Ar4~7+) are higher in the case of the microwave launching 
by the rod antenna than that by the coaxial semi-dipole an-
tenna. We estimate that this tendency is caused by the lo-
cation of the rod antenna, which is downstream with the 
respect to the ECR zone and on the side closer to the ex-
tractor. At the high power in Fig. 7(b), multicharged ion 
currents become unstably and start to decrease in the case 
of the rod antenna [7]. On the contrary, they continue to 
increase stably in the case of the coaxial semi-dipole an-
tenna. This is because setting the antenna along the z-axis 
is suitable to the RHP wave propagation [7]. 

 
Figure 7: Typical CSD of the ion beams extracted from Ar 
plasmas produced by two probes at the low power 100W 
(a) and the high power 280-300W (b). 

Plasma Parameters Measured Near the  
PE-plate by the L-shape Langmuir probe in  
ECRIS 

Figure 8(a) shows PE-plate after experiments of synthe-
sising Fe@C60

6 in the previous ECRIS in Fig. 3(a). We can 
confirm the pattern of the plasma confined by the octupole. 
We divide it into 8 regions (No. 1~8). We analysis the two 
regions (No. 5 and 6) by the time of flight mass spectrom-
etry (TOFMS). We observe the spectrum of C60

+ in the 
No. 5 in Fig. 8(b) and materials which have same m/q as 
Fe@C60 and Fe@C58 in the No. 6 in Fig. 8(c).  

 

 
Figure 8: PE-plate after experiments of synthesising 
Fe@C60 (a). Spectrum of the TOFMS analysis in the No. 5 
region (b). That in the No. 6 region (c). 

Figure 9 shows measurement results by rotating the  
L-shape probe in Fig. 3(b). We measure the dependence of 
the Iis on the angle 𝜃 in Fig. 9(a). The Iis peak in the even 
number regions (No. 2, 4, 6, 8). We measure EEDF’s at 
𝜃 ൌ205° in the No. 6 and those at 𝜃 ൌ190° in the boundary 
region between No. 5 and No. 6 in Fig. 9(b). They are rep-
resented by red and black plots respectively. It is observed 
that the EEDF at 𝜃 ൌ 205 °  has higher tail than that at 
𝜃 ൌ205°. There are higher energy electrons in the No. 6 
where productions of Fe@C60 and Fe@C58 is suggested. 
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Figure 9: Iis measured by L-shape probe (a). EEDF’s meas-
ured at the 𝜃 ൌ205° and 190° (b). 
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