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Introduction

&€ Endohedral fullerene

&®Fullerenes have a unique type of inner
empty space with their unusual cage-like
structures. Atoms may reside in this space and
form endohedral fullerenes.

€®Endohedral fullerenes have novel physical
and chemical properties that are very
important for their potential applications such
as magnetic resonance imaging agents,
biological tracing agents, organic
ferromagnets and superconductors etc.

&®Endohedral  fullerenes are  generally
produced by an arc discharge, a laser
vaporization and a chemical processing
methods.
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Introduction

& H,®C,, synthesis by “molecular surgery” method
[K. Komatsu et al., Science 307 238-240 (2005).]

Open-cage fullerenes, which have a large orifice,
are effective for the encapsulation of atoms.
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Introduction

& Fullerenes in an ECR plasma

[1] S. Biri et al., Rev Sci Instrum 73, 881 (2002).
[2] S. Biri et al., Rev Sci Instrum 77, 03A314 (2006).

lonization and fragmentation of fullerenes
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Carbons-loss fullerenes might have an orifice, even though such
structure may be unstable and transient.
> Carbons-loss fullerenes might be effective for the
production of endohedral fullerenes. 5
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Introduction

€ Endohedral fullerenes production in the mixture plasma of fullerenes and
gas or metal
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of the carbons-loss fullerenes with gas or metal ions
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k C-loss fullerene Gas or Metal ion C-loss fullerene/ 6
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Introduction

& Possible effectiveness of ECRIS for the endohedral
fullerenes production

€ Long confinement time of ions

High Collision probability of fullerene ions and gas or metal ions
€ High ionization efficiency

Low feed consumption
€ Low-pressure plasma

Low impurity density

BUT,

There in no ECRIS, which is specialized for the generation of
fullerene plasma and the synthesis of endohedral fullerenes.
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Design concept of the Bio-Nano-ECRIS apparatus

Endohedral fullerene synthesis (we aim Fe@C,_ synthesis)

Production of

low-charged large-mass plasma and beam!!
€ Several evaporation sources (fullerene vapor and Fe

€ Large plasma chamber to reduce the wall loss of low-
charged large-mass ions and to mount evaporation
sources

€ Relatively weak magnetic field in order to reduce the
synthesis of high-charged ions

€ Low extraction voltage and large sector magnet to
analyze the ion beam with high mass-to-charge ratio

€ Beam deceleration system and substrate holder to
produce the deposition 8
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Primary differences between Bio-Nano-ECRIS and

general ECRIS for multiply charged ions production

General ECRIS for

Bio-Nano-ECRIS multiply charged ions

Extraction

voltage Low High
Effect of lon-ion Collision lon-electron Collision
confinement
Evaporation Several sources
No source
source (fullerene, Fe, ...)
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Bio-Nano-ECRIS apparatus
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ECRIS 90° sector
Faraday cup magnet

Extraction & Einzel

Beam deceleration
0 0.5 1.0m & Substrate Holder

Extraction gap 1-6cm Deceleration voltage 0-5kV

Extraction voltage 0.5-5KkV

Analyzing magnet Solenoid coil, Vacuum system Turbo molecular
90° sector, r =50 cm pump

Magnetic field strength 0-0.8T (450 l/sec x 3)
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The ECRIS

Hexapole magnets

Resistance heating

vapor source

Induction heating

T Rt Solenoid coils
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waveguide :\ 350 / g
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10 GHz waveguide z [mm]
Mirror magnets Solenoid coils Microwave (1) TWT amplifier
Axial magnetic induction peak  0.442 T Frequency (1) 8 - 10 GHz
(500 A) )
Minimum field strength (500 A)  0.165 T picrowave (%) pagnetron
Mirror ratio (500A) 2.68 quency :
Hexapole Magnet Nd-Fe-B Plasma chamber diameter 14 cm
Maximum radial magnetic Plasma chamber length 34cm

induction in chamber 0.72T

Fullerene evaporation

Resistance heating oven

Temperature (normal use) 400 - 500 °C 11
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The ECRIS

Hexapole magnets

Solenoid coils

Resistance heating
vapor source

Induction heating

vapor source

2.45 GHz waveguide

Iron evaporation
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waveguide :\ 350 / : Fullerene evaporation
Gas feed through ' E i - ' oven
g1 /300 -150 0 150 300 Cxtractor - ,
10 GHz waveguide z [mm] 8 — 10 GHz waveguide
Mirror magnets Solenoid coils Microwave (1) TWT amplifier
Axial magnetic induction peak  0.442 T Frequency (1) 8 - 10 GHz
(500 A) .
Minimum field strength (500 A)  0.165 T ’;"r‘grz‘gs;’e (%) ’;"j%“gﬁ;’“
Mirror ratio (500A) 2.68 quency :
Hexapole Magnet Nd-Fe-B Plasma chamber diameter 14 cm
Maximum radial magnetic Plasma chamber length 34cm
induction in chamber 0.72T - - -
Fullerene evaporation Resistance heating oven
Temperature (normal use) 400 - 500 °C 12
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Magnetic field of the Hexapole magnet
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€ Maximum radial magnetic induction in chamber : 0.72 Tesla
13
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Magnetic field of the mirror coils (500 A)

ECR magnetic field for 10 GHz
0.442

0.358

0.274

B (T)

0.190

0.106

0.022

32 24 16 8 0 8 16 24 32
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ECR zone for 10 GHz

®Field strength along the chamber axis (500 A), maximum: 0.442 Tesla
minimum : 0.165 Tesla
€ ECR zone (500 A, 10GHz), diameter : 10 cm
length :23 cm 14
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Fullerene ion beam spectra
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Very clear fullerene spectrum was obtained using a new ECRIS apparatus.
The C,, ion beam consists of ions of C,, and carbons-loss C,,.

Multi-charged species are also observed. r

ﬁ% Bio-Nano Electronics Research Centre "y TOYO UNIVERSITY



Fullerene ion beam spectra
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Very clear spectrum was also obtained for C,, source.
The C,, plasma consists of ions of C,, and carbons-loss C.,.
Multi-charged species are also observed. 16
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General characteristics of

fullerene ion beam spectra

€ Comparison of C, ion current with dissociation energy
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High ion current

Number of Carbon Atoms

Calculated Value from [3].

[3] S. Diaz-Tendero et al., Int. J. Mass Spectrom. 250, 133-141 (2006). 17
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Structure of carbons-loss fullerenes

Structure of the most stable isomer for C, [3]
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Figure from [4] [3] S. Diaz-Tendero et al., Int. J. Mass Spectrom. 250, 133 (2006).

[4] S. Diaz-Tendero et al., J. Chem Phys. 123, 184306 (2005). 18
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Formation and extraction of fullerene and N, mixture plasma
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Deposit in the plasma chamber
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MALDI-TOF mass spectrum of deposit in the plasma chamber

o OCq,
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No peak at NC,, = 734

The peak of NC:g = 710 is observed!

21

ﬁ% Bio-Nano Electronics Research Centre "y TOYO UNIVERSITY



Summary & Future plan

We have developed a new ECRIS apparatus for the synthesis of
endohedral fullerenes.

@ Fullerene (C,, and C,,) ions beam spectra were successfully
obtained, and specific C-loss fullerene ions are separable.

€ High beam intensity was obtained for C;
lcgot = 400 NA, I.,** = 800 nA.

€ NC_, in particular NCs5 (and/or N@Cg,) are produced in the
mixture plasma of C,, and N,.

Future work
€ Separation and collection of NC..

€ Mechanisms of carbons-loss fullerenes formation and
encapsulation of atom in carbons-loss fullerenes.

€ Fe ion formation and encapsulation in carbons-loss fullerenes -
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Thank you for your attention!
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MALDI-TOF mass spectrum of pure C,, powder
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MALDI-TOF mass spectrum of deposit in the plasma chamber

400

300

200

Intensity (arb. units)

27

[ Bio-Nano Electronics Research Centre 7 TOYO UNIVERSITY



MALDI-TOF mass spectrum of deposit in the plasma chamber
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