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ABSTRACT: ACAR ( Angular Correlation 
of Annihilation Radiation) and positron 
lifetime measurements have been made on, 
HOPG (Highly Oriented Pyrolytic Graph
ite), isotropic fine-grained graphite, 
glassy carbons and C50/C7Q powder. HOPG 
showed marked bimodality along the c-
axis and anisotropy in ACAR momentum 
distribution, which stem from character
istic annihilation between "interlayer" 
positrons and T-electrons in graphite. 
ACAR curves of the isotropic graphite 
and glassy carbons are even narrower 
than tf̂ at of HOPG perpendicular to the 
c-axis. Positron lifetimes of 420 and 
390 - 480 psec, much longer than that of 
221 psec in HOPG, were observed for the 
isotropic graphite and glassy carbons 
respectively, which are due to positron 
trapping in structural voids in them. 
Positron lifetime and ACAR width (FWHM) 
can be well correlated to void sizes 
(1.7 to 5.0 nm) of glassy carbons which 
nave been determined by small angle 
neutron (SAN) scattering measure •ints. 
ACAR curves and positron lifetime of 
CCQ/C70 powder agree well with those of 
glassy carbons. This shows that positron 
wave functions extend, as in the voids 
of glassy carbons, much wider than open 
spaces of the octahedral interstices of 
the face-centered cubic (FCC) structure 
of C 6 0 crystal and strongly suggests 
positron trapping in the "soccer ball" 
vacancy. Possible positron states in the 
carbon materials are discussed with a 
simple model of void volume-trapping. 
Preliminary results on neutron irradia
tion damage in HOPG are also presented. 

Keyword*: Positron Annihilation, 
Graphite, Glassy Carbon, C 6 0 , Fullerene, 
Void, Pore, Void Trapping, Soccer Ball 
Vacancy 

1.INTRODUCTION 
Graphite has been employed as the 

moderator and structural components of 
fission reactors, such as gas-cooled 
one, because of low neutron cross sec
tion, chemical stability and high melt
ing point. Further recently carbon 
materials, for example graphite and 
cabon-carbon composites, have become one 
of the key materials in the field of 
plasma-wall interaction in fusion reac
tors because of its low atomic number 
and high-temperature characteristics. 
For fusion reactor application, absorp
tion and desorption of hydrogen isotope 
atoms are very important and sensitively 
affected by structural voids ' and 
radiation-induced vacancies and voids. 
Consequently atomistic information and 
characterization of structural voids and 
radiation-induced defects is very neces
sary. Positron annihilation has been 
successively used for studies of vacan
cies and voids in metals [1]. For 
carbon materials the usefulness of this 
technique has been demonstrated by 
several workers [2-6]. 
' sometimes call 3d as cavities or 

pores. 
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且BSTR且.CT: ACAR ( Angular Cor.relation 
of Annihilation Radiation) and positron 
lifetime measurements have been皿adeon， 
HOPG (High1y Oriented Pyro1ytic Graph-
ite)， isotropic fine-grained graphite， 
glassy carbons and C60/C70 P?wder._ HOPG 
showed marked bimodality a10ng the c-
axis and anisotropy in ACAR momentum 
distribution， which stem from character-
istic annihi1ation between "inter1ayer" 
posi trons and 1[ -e1ectrons in graphi te. 
ACAR curves of the isotropic graphite 
and glassy carbons are even narrower 
than tDat of HOPG perpendicu1ar to the 
c-axis. Positron 1ifetimes of 420 and 
390 -480 psec， much longer than that of 
221 psec in HOPG， were observed for the 
isotropic graphite and g1assy carbons 
respective1y， which are due to positron 
trapping in structura1 voids in them. 
Positron 1ifetime and ACAR width (FWHM) 
can be we11 correlated to void sizes 
(1.7 to 5.0 nm) or g1assy carbons which 
have been determined by sma11 ang1e 
neutron (SAN) scattering measure .-唖nts.
ACAR ..:urves and posi tron 1ifetil'.e of 
C60/C70 powder ag~e we11 with those of 
gIassy-carbons. This shows that positron 
wave functions extend， as in the voids 
of glassy carbons， much wider than open 
spaces of the octahedral interstices of 
the face-centered cubic (FCC) structure 
of C60 crysta1 and stro~g1y suggest~ 
position trapping in the 町 soccer ba11" 
vacancy. Possib1e positron states in the 
carbon materials are discussed with a 
simp1e model of void volume-trapping. 
Pre1iminary resu1ts on neutron irradia-
tion damage in HOPG are a1so presented. 
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K~yword.: Positron Annihilation， 
Graphite， G1assy Carbon， C60' Fu11erene， 
Void， Pore， Void Trapping~-Soccer 8a11 
Vacancy 

1.lM'l'RODUCTl:ON 

Graphite has been emp10yed as the 
圃oderator and structura1 co岨lponents of 
fission reactors， such as gas-cooled 
one， because of 10w neutron cross sec-
tion， chemica1 stabi1ity and high melt-
ing point. Further recently carbon 
materia1s， for example graphite and 
cabon-carbon composites， have beco圃eone 
of the key materials in the fie1d of 
plasma-wa11 lnteraction in fusion reac-
tors because of its 10w atomic number 
and high-temperature characteristics. 
For fusion reactor app1ication， absorp-
tion and desorption of hydrogen isotope 
atoms are very i田lportantand sen!l!:t-tive1y 
affected by structural voids.. J and 
radiation-induced vacancies and voids. 
Consequent1y atomistic information and 
characterization of structural voids and 
radiation-induced defects is very neces-
sary. Positron annihi1ation has been 
successively used for studies of vacan-
cies and voids in meta1s 【1]. For 
carbon materia1s the usefu1ness of this 
technique has been demonstrated by 
severa1 workers [2・6].

*) sometimes ca1lad as cavities 
pores. 
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Recent exciting report of method 
for preparing large quantities of the 
"soccer ball" C 6 0 molecules [7] and the 
following discovery of superconductivity 
in potassium-doped C 6 Q [8] have raised 
great interest in the structure and 
properties of this allotropic form of 
carbon [9,10]. Because of the weak 
intermolecular interaction, the solid 
C 6 0 has large open spaces, for example, 
at the octahedral interstices where 
potassium atoms can be accommodated in 
its structure. Consequently it is very 
interesting to investigate positron 
states in solid CgQ and to compare them 
with those in graphite and glassy ( 
glass-like ) carbon. 

Recently positron lifetime measure
ments have been carried out by several 
groups [11-13], including us [6]. 
Further theoretical calculations show 
positron states and lifetimes in C 6 0 and 
potassium-doped fullerenes [14,15]. All 
these experimental studies have reported 
a positron lifetime of about 400 psec in 
C 6 0 powders. This value is in good 
agreement with calculated one from 
theoretical model in which positron wave 
function is highly concentrated in an 
octahedral interstices of the FCC 
structure. The lifetime of 400 psec is 
much longer than that in graphite bulk 
( about 220psec ) or vacancy (about 245 
psec [4]), but very close to that 
observed in glassy carbon and irradiated 
graphite[3-6]. Then it is very necessary 
to make systematic study on carbon 
materials, such as C 6 Q , graphite and 
glassy carbons. In this paper results 
of ACAR and positron lifetime measure 
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Grain 
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merits on HOPG, glassy carbons and 
C C Q / C 7 Q powder will be compared and 
discussed with a simple void-trapping 
model. 
2. EXPERIMENTAL 

Figure 1 shows crystal structures 
of diamond (a), graphite (b) and the 
(100) face of the FCC C 6 0- Samples used 
in this study are listed in Tab.l. A 
single crystal plate of synthetic dia
mond with (111) crystal face was used. 
Highly oriented pyrolytic graphite 
(HOPG) (2YA and ZYH grade. Union Carbide 
Co.) slabs have mosaic structure with 
the well-oriented c-axis but with random 
orientation of the crystallites in the 
basal plane. The average crystallite 
size along the a-axis is about 25 am 
while Turn along the c-axis [3]. H0PG-
ZYA was subjected to fast neutron irra; 
diation with fluence of 8.3 x 1 0 1 8 n/car4 

at about 150°C in the JMTR reactor. The 
block of HOPG-ZYH was irradiated to 1.4 
x 1 0 2 0 n/cm2 at about 60 "C in the JRR-2 
reactor. Isotropic fine-grained nuclear 
graphite , AXF-501 (POCO Graphite Inc.), 
graphitized at 2500 "C, has an average 
grain size of about 4am and void radii 
ranging from 0 to 0.4am. The grains 
consist 'if crystallites ( about 40nm 
both along the a-axis and c-axis [8] ) 
plus voids among them as schematically 
shown in Fig. 1 (e)[16]. Glassy carbon 
is a kind of non-graphitizable hard 
carbons [17] and has a microstructure in 
which voids are surrounded by carbon 
layers of graphite or turbosratic stack
ing with thickness less than about 10 
layers as depicted in Fig.1(d) [19]. 

Fig.l. Crystal structures of (a) dia
mond, (b) graphite and (c) the (100) 
face of the FCC C 6 0 unit cell, and 
schematic representation of the micro-
structures of (d) isotropic graphite 
AXF-5Q1 [16] and (e) glassy carbon 
[18]. 

(e) 
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Recent exciting report of method 
for preparing large quantities of the 
"soccer ball" C60 molecules [7] and the 
following discovery of sUp'~rconductivity 
in potassium-doped C民n [&] have raised 
great interest in the structure and 
properties of this a11otropic form of 
carbon [9，10]. Because of the weak 
intermo1ecu1ar interaction， the solid 
C60 has 1arge open spaces， for example， 
at- the octahedral interstices where 
potassiurn atorns can be accornrnodated in 
its structure. Consequently it is very 
interesting to investigate positron 
states in so1id C60 and to compare thern 
with those in graphite and g1assy 
glass-like ) carbon. 

Recent1y positron lifetime measure-
ments have been carried out by severa1 
groups (11-13]， inc1uding us [6]. 
Further theoretica1 ca1cu1ations show 
positron states and 1ifetimes_in_C60 and 
potassium-doped fu11erenes [14 ， 15]~- A11 
these e翠perimenta1studies have reported 
a positron 1ifetime of about 400 psec in 
C60 powders. This va1ue is in ~ood 
agreernent with ca1cu1ated one from 
theoretica1 mode1 in which positron wave 
function is high1y concentrated in an 
octahedra1 interstices of the FCC 
structure. The 1ifetirne of 400 ps邑c is 
much 10nger than that in graphite bulk 
( about 220psec ) or vacancy (about 245 
psec [4J)， but very c10se to that 
observed in glassy carbon and irradiated 
graphite[3-6J. Then it is very necessary 
to rnake system喧tic study on carbon 
rnaterials. such as C60' graphite and 
g1assy carbons. 1n this paper resu1ts 
of ACAR and positron 1ifetime measure 

--， 

国ents on HOPG， g1assy carbons and 
~~0/C70 _powder wi11 be co園ipared and 
discussed with a simple void-trapping 
mode1. 

2. DPEIUMEN'1'AL 

Figure 1 shows crysta1 structures 
of diamond ( a )， graphi te (b 】 and the 
(100) face of the FCC C60・ Samplesused 
:Ln 悦1Is study are listed in Tab.1. A 
single crystal p1ate of synthetic dia-
皿ond with (111) crysta1 face was used. 
Highly oriented pyr01ytic graphite 
(HOPG) (ZYA and ZYH grade， Union Carbide 
Co.) slabs have mosaic structure with 
the we11-oriented c-axis but with random 
orientation of the crysta11ites in the 
basal plane. The average crysta11ite 
size a10ng the a-axis is about 25μm 
whi1e 7μ皿 a10ngthe c-axis [3]. HOPG-
ZYA was subjected to fast neutrop_ irra= 
diation with f1uence of-8.3-~-iõI8 ~/C;2 
at about 150・C in the JMTR reactor. The 
hl~_of HOfG-ZYH町'asirradiated to 1.4 
x 10~u n/cm~ at about 60・C in位田 JRR-2 
reactor. 1sotropic fine-grained nuc1ear 
graphite ， AXF・5Q1(POCO Graph1te 1nc.)， 
graphitized at 2500・C，has an average 
grain size of about 4μrn and void radii 
rang1ng from 0 to 0.4μm. The grains 
cons1st リf crysta111tes ( about 40nm 
both along the a-axis and c-axis [8] 
plus voids among them as schematically 
shown in Fig. 1 (e)[16). G1assy carbon 
is a kind of non-graphitizable hard 
carbons [17) and has a皿icrostructurein 
which voids are surround邑d by carbon 
1ayers of graphite or turbosratic stack-
1ng with thickness 1ess than about 10 
layers as depicted 1n Fig.1(d) 【191.

(a) (b) 
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Fig.l. Crysta1 structures of (a) dia-
mond， (h) graphite and (c) the (100) 
face of the FCC Cιn unit ce11， and 
schematic represent孟壬ionof th骨 micro-
structures of (d) isotropic graphite 
AXF・5Q1 [16] and (e) glassy carbon 
[18]. 
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Table 1. Specimens, their densities, ACAR FWHM widths 
and positron lifetimes. 

Specimen Density 
(g/cm3) 

ACAR FWHM 
(mrad) 

Lifetime 
(psec) 

Remarks 

Diamond 
HOPG 
Unirrad. 
(ZYA) 

Irrad. 
(ZYA) 

Irrad. 
(ZYH) 

3.51 
2.26 

13.1 

c// ! 

Cj. : 13.4 10.9 
c,,: 11.4 
ci : 10.2 

: / / : 9.1 
8.5 

107.1 

221.0 

283.1 

3 6 3 . 9 
(96%) 

0 . 6 7 0 run 
0 . 2 4 6 run 

8 . 3 x 1 0 1 8 n / c m 2 

1.4 x 1 0 2 0 n / c m 2 

A c / c = 10.2% 
A a / a = - 0.7% 

Isotropic Graphite 
AXF-5Q1 1.84 10.3 381.0 

Glassy Carbon 
GC-10 1.49 10.3 392.5 Rg = 0.65 run 
GC-20 1.48 9.5 480.7 Rg = 1.29 nm 
GC-30 1.45 9.3 466.0 Rg = 1.93 nm 

c60 / c70 1.7*) 9.4 416.7(300K) 
405.6( 10K) 

*) theoretical density 
Glassy carbons with different heat 
treatment temperatures (HTT) from TOKAI 
CARBON Co. were examined: GC-10, GC-20 
and GC-20 heat-treated at 1300°C, 2000°C 
and 3000°C respectively. Small angle 
neutron scattering measurements have 
revealed that these samples contain 
voids of nearly uniform size with radii 
of gyration (Rg) given in Tab.l [19]. 
For fullerene sample, powder of c60 /' c70 
( C 6 0 : 90%) of 98% purity (MER Co.) 
were employed. 

Long-slit ACAR measurements were 
performed with a usual machine having a 
geometrical resolution of 0.63 mrad 
(FWHM) and 6 4Cu sources of 1 Ci 
strength. Lifetime measurements were 
accomplished using a conventional appa
ratus with a time resolution of about 
170 psec (FWHM) , much higher resolution 
than that of the preceding paper [6], 
and 2 2Na (20#Ci) source deposited on 
to a thin mylar film. Measurements are 
carried out at room temperature other
wise stated. After source-background 
subtraction, lifetime spectra were 
decomposed into one or two lifetime 
component using a fitting program. 

3. RESULTS UNO DISCUSSION 
3-1 Diamond and Graphite 

Figure 2 shows ACAR curves of 
diamond, unirradiated HOPG-ZYA samples 
for p z , momentum examined, (a) parallel 
to the c-axis [PZPC] and (b) normal to 
the c-axis [PZNC] as well as AXF-5Q1. 
Although statistics for diamond is poor 
because of its very small size, the 
ACAR curve is clearly found to be very 
broad, which is due to small lattice 
constant and hence large Brillouin zone. 
As listed in Tab.l positron lifetime in 
diamond is very short, being compare 
with typical semiconductors such as Si. 
This is also due to high density of the 
valence electrons in diamond. ACAR 
curves of HOPG-ZYH are in good agreement 
with those of H0PG-ZYH and then not 
shown here. For the unirradiated state 
the PZPC distribution is bimodal with a 
saddle point at p z=0 and peaks around p 2 

±3 mrad, whereas bell-shaped for 
PZNC. The bimodal distribution is due to 
highly concentrated wave function of 
positron within a graphite layer (inter-
layer positron ) and its consequently 
enhanced annihilation with n-electrons 
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Tab1e 1. Specimens， their densities， ACAR FWHM widths 
and pos1tron 1ifetimes. 

Specimen Density ACAR FWHM Lifetime Re田arks
(g;αn3) (mrad) (psec) 

Diamond 3.51 13.1 107.1 

HOPG 2.26 
Unirrad. c CJ/L / z13.4 221.0 C 0.670 nm 
(ZYA) 10.9 a 0.246 n皿

Irrad. C;;: 11.4 283.1 8.3 x 1018n/cm2 
(ZYA) ci': 10.2 

Irrad. 
(ZYH) C;/: 

CJ. 

Isotropic Graphite 
AXF-5Q1 1.84 10.3 

G1assy Carbon 
GC-IQ 1.49 10.3 

GC-20 1.48 9.5 

GC-30 1.45 9.3 

C60;C70 
1.7*】 9.4 

*) theoretica1 density 

G1assy carbons with different heat 
treatment temperatures (HTT) from TOKAI 
CARBON Co. were examined: GC-10， GC・20
and GC-20 heat-treated at 1300.C， 2000・c
and 3000.C respective1y. 5ma11 ang1e 
neutron scatt邑ring measurements have 
revea1ed that these samp1es contain 
voids of near1y uniform size with radii 
of gyration (Rg) given in Tab.1 [19]. 
For fu11erene samp1e， powder of C60;C70 
(C60 90%) of 98者 pur1ty (MER~~Co;í 

were emp1oyed. 

Long-s1it ACAR measurements were 
performed with a usua1 machine having a 
geometrica1 r~害o1ution of 0.63 mrad 
(FWHM) and u~Cu sources of 1 Ci 
strength. Lifetime measurements were 
accomp1ished uSing a conventiona1 appa-
ratus with a time res01ution of about 
170 psec (FWHM) ， much higher resolution 
than 内主hatof the preceding paper [6]， 
and L....Na (20μCi ) source deposi ted on 
to a thin my1ar fi1m. Measurements are 
carried out at room temperature other-
wise stated. After source-background 
subtraction， lifetime spectra were 
decomposed into one or two lifetime 
component using a fitting program. 

9.1 
8.5 

1.4 x 1020n/cm2 
363.9 I:lc/c 10.2告
(96告} I:la/a -0.7% 

381.0 

392.5 Rg 0.65 n皿

480.7 Rg 1.29 nm 

466.0 Rg 1.93 nm 

416.7(300K) 
405.6【 10K)

3. RESULTS昆1mDl:SCUSSl:ON 

3・1Dia・ondand Graphite 

Figure 2 shows ACAR curves of 
diamond， unirrad1ated HOPG-ZYA samples 
for Pz' momenτUUl邑xamined，(a) para11el 
to the c-axis [PZPC] and (b) norma1 to 
the c-axis [PZNC] as we11 as AXF-5Q1. 
Although stat1stics for diamond 1s poor 
because of its very sma11 size， the 
ACAR curve is clearly found to be very 
broad， which is due to small latt1ce 
constant and hence 1arge Bri110uin zone. 
As 1isted in Tab.l positron lifet1me 1n 
diamond 1s very short， being compare 
with typical semiconductors such as 5i. 
This is a1so due to high density of the 
va1月nce electrons in diamond. ACAR 
curves of HOPG-ZYH are in good agreement 
with those of HOPG-ZYH and th邑n not 
shown here. For the unirradiated state 
the PZPC distribution is bimodal with a 
sadd1e point at Pz=O and peaks around p~ 
z 土3 mrad， whereas bell・shaped for 
PZNC. The b1modal distribut10n 1s due to 
high1y concentrated wave function of 
positron within a graphite layer (inter-
layer positron ) and its consequently 
enhanced ann1hilation with n-electrons 
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whose wave functions are extending along 
the c-axis with nodal planes of the 
graphite hexagonal network planes [20-
23]. The salient bimodal distribution 
observed shows that almost all positrons 
have annihilated from delccalized Bloch 
state. 

Irradiation of 8.3 xlO 1 8 n/cm2 on 
HOPG-ZYA caused disappearance of the 
bimodal shape and marked narrowing in 
the PZPC distribution (Fig.3). This is 
due to trapping of positrons in defects: 
vacancies - vacant sites at the network 
planes, where the positrons do not see 
n-electrons [4] - or microvoids as 
stated below. It should be noted that 
depth of the saddle point from the 
bimodal peak is very sensitive to 
presence of vacancy-type defects. In the 
PZNC distribution, narrowing by irradia
tion was observed to nearly the same 
extent as in usual metals, which also 
suggests positron trapping at the vacan
cy-type defects. Higher dose irradiation 
on HOPG-ZYH has induced further narrow
ing in the ACAR curves for both orienta
tion. This implies that higher dose 
results in positron-trapping in larger 
vacancy-type defects. As a measure of 
gross shape of ACAR curve, FWHM width of 
the ACAR curves are presented in Tab.1, 
where for HOPG a full width at a half 

height of the saddle point, instead of 
the peaks at " 3 mrad, is given. 

Lifetime spectra of unirradiated 
HOPG (ZYA and ZYH) were well represented 
by single lifetime of 221 psec (Tab.l). 
The results are consistent with previous 
work [4,5]. The lower dose irradiation 
(HOPG-ZYA) caused an increase in life
time to 284 psec. Shimotomai et al. have 
reported that the lifetime of positrons 
trapped at vacancies is about 245 psec 
[4]. This indicates the lifetime of the 
irradiated HOPG-ZYA is an average be
tween lifetimes coming from positron 
trapping at vacancies and very small 
microvoids, because of finite time 
resolution. The higher dose irradiation 
(HOPG-ZYH) gave a longer lifetime compo
nent of 364 psec ( Tab.l ) and a short 
component of about 250 psec with very 
small intensity of about 4%, which is 
very close to positron lifetime in 
vacancy as stated above. The longer 
lifetime is due to radiation-induced 
microvoidr as stated below. 

Lifetime spectra of AXF-5Q1 is well 
decomposed to a single component of 
381 psec, much longer the vacancy life
time. ACAR curve and its FWHM width for 
AXF-5Q1 are shown in Fig.3 and Tab.l 
respectively. The FWHM width is less 

0 5 10 
Angle (mrad) 

Fig.2. ACAR curves of (a) diamond, (b) 
HOPG, PZPC ( O ) and PZNC ( • ), (c) 
AXF-5Q1, and (d) C 6 0 / C 7 0 powder. All the 
curves are normalized to the same height 
at zero angle. 

0 5 10 15 
Angle (mrad) 

Fig.3. ACAR curves of the unirradiated 
and irradiated HOPG for (a) PZPC and (b) 
PZNC orientations. 
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whose wave functions are extending a10nq 
the c-axis with noda1 p1anes of the 
graphite hexagona1 network p1anes [20-
23]. The sa1ient bimoda1 distribution 
observed shows that a1most a11 positrons 
have annihi1ated from de1cca1ized B10ch 
state. 

18 _1__2 Irradiation of 8.3 x10~g n/cm~ on 
HOPG-ZYA caused disappearance of the 
bimoda1 shape and marked narrowing in 
t~e PZPC distribution (Fig.3). This is 
due to trapping of positrons in defects: 
vacancies - vacant sites at the network 
p1anes， where the positrons do not see 
1l -electrons [ 4] or microvoids as 
stated be1ow. 工tshou1d be noted that 
depth of the sadd1e point from the 
bimoda1 peak is very sensitive to 
presence of vacancy-type defects. 工nthe 
PZNC distribution， narrowing by irradia-
tion was observed to nearly the same 
extent as in usual meta1s， which a1so 
suggests positron trapping at the vacan-
cy-type defects. Higher dose irradiation 
on HOPG回 ZYHhas induced further narrow-
ing in the ACAR curves for both orienta-
tion. This implies that higher dose 
results in positron-trapping in larger 
vacancy-type defects. As a measure of 
gross shape of ACAR curve， FWHM width of 
the ACAR curves are presented in Tab.1， 
where for HOPG a fu11 width at a ha1f 

R
d
 

o 5 10 
Angle (mrad) 

Fig.2. ACAR curves of (a) diamond， (b) 
HOPG， PZPC ( 0 ) and PZNC ( • )， (c) 
AXF-5Q1， and (d)_C60~C70 powd邑r. All the 
curves are normalized to the same height 
at zero ang1e. 
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height of the sadd1e point. instead of 
the peaks at -3 mrad. is given. 

Lifetime spectra of unirradiated 
HOPG (ZYA and ZYH) were we11 represented 
by single lifetime of 221 psec (Tah.l). 
The results are consistent with previous 
work [4，5】. The 10wer dose irradiation 
(HOPG-ZYA) caused an increase in 11fe-
time to 284 psec. Shimotomai et al. have 
reported ~hat the 1ifetime of positrons 
trapped at vacancies i8 about 245 psec 
[4]. This indicates the lifetime of the 
irradiated HOPG-ZYA is an average be-
tween lifetimes coming from positron 
trapping at vacancies and very sma11 
microvoids， because of finite time 
reso1ution. The higher dose irradiation 
(HOPG-ZYH) gave a 10nger 1ifetime compo-
nent of 364 psec ( Tab.l ) and a short 
component of ahout 250 psec with very 
sma11 intensity of about 4%， which is 
very close to positron 1ifetime in 
vacancy as stated above. The longer 
1ifetime is due to radiation-induced 
microvoid= as stated be10w. 

Lifetime spectra ofAXF-5Ql is well 
decomposed to a sing1e component of 
381 psec， much 10nger the vacancy 1ife-
time. ACAR curve and its FWHM width for 
AXF-5Q1 are shown in Fig.3 and Tab.1 
respective1y. The FWHM width is less 

.5 

Fig.3. ACAR curves of the unirradiated 
and irradiated HOPG for (a) PZPC and (b) 
PZNC orientations. 
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than either of PZPC or PZNC orientation 
of the unirradiated HOPG. These results 
are possible only if most of positrons 
annihjlate from trapped states of struc
tural voids but not from delocalized 
state in the isotropic graphite: annihi
lation from delocalized state would give 
an intermediate width between those for 
the PZPC and PZNC orientations and 
rather flat shape around zero angle. It 
should be noted that vacancies ox their 
very small microvoids can not exist 
because the sample has been heat-treated 
at high temperature of 2500°C. 

We consider possible positron 
trapping in the structural voids. Arti
ficial graphites are characterized by a 
significant ( closed and opened ) poros
ity among grains and voidage within 
grains (Fig. 1(d)). AXF-5Q1 is a fine
grained isotropic graphite which are 
extremely isotropic and of very small 
and uniform crystallite size [16]. 
Positrons in graphite bulk are well 
characterized as "interlayer positrons" 
between the hexagonal network planes and 
may have marked anisotropy in positron 
diffusion. However to our knowledge no 
experimental information on the diffu
sion has been reported. Then we simply 
assume positron diffusion constant of 
perfect graphite crystals D= 1 cm2/sec, 
as seen in metals and semiconductors 
[24], and get a diffusion length (D y-'*-

200nm which is much longer than the 
crystallite size of 40nm. This suggests 
that most of positrons in the crystal
lite diffuse to the inter-crystallite 
voids , get trapped there and give the 
longer lifetime component and a narrow 
ACAR curve. Delocalized positron states 
in these void are discussed later. 

3-2 Glassy Carbons 
ACAR curves of the glassy carbons , 

especially of GC-10, were found to be 
very similar to that of AXF-5Q1 , as 
seen from their FWHM ( Tab.l ). ACAR 
curves of GC-20 ( shown later in a 
comparison with C^Q/C^Q of Fig.5 ) and 
GC-30 are broader than that of GC-10. 
Lifetime spectra of the glassy carbons, 
for example GC-20 as presented in Fig.4, 
are well decomposed to single lifetime 
components of 390 - 480 psec ( Tab .1 ). 
These results indicate that positrons in 
the glassy carbons are trapped in struc
tural voids, as in the isotropic graph
ite. For samples of higher heat-
treatment temperature (GC-20 and GC-
30 ), narrowing in ACAR curve and in
crease in positron lifetime are observed 
(Tab.l ). These changes by heat treat
ment are presumably due to growth of the 
voids, as seen in increase of R„ 
(Tab.l)[10]. Voids in glassy carbons are 
well known to have nearly spherical 
polyhedra bounded by graphite layer 
planes ( Fig.1(e) ) and to be uniform in 
size as revealed by Guinier plot of 
small angle scattering intensity ( X-ray 
[25] and neutron [19] ) and give well 
definite value of R g as listed in Tab.l. 

Natural question is about trapping 
state of positrons in the voids in the 
isotropic graphites and glassy carbons. 
Various void-trapping states in metals 
have been reported so far: void-surface 
of many metals [1], free positronium 
(Ps) in voids in V and Nb [26] and Ps-
like state at void surface of Al [27]. 
For metals it is well known that ACAR 
FWHM width decreases and lifetime in
creases with the radius up to about 0.5 

600 700 
Channel number 

Fig.4. Positron lifetime spectra of 
HOPG, glassy carbon (GC-20) and Cgg/CyQ 
powder. Time scale is 23.2 psec/channel. Fig, 

and 
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5 . ACAR c u r v e s o f C f i o / C 7 n powder 
GC-20. 
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than ei ther af PZPC or PZNC orientation 
of the unirradiated HOPG. These results 
are possible only if most of positrons 
annihjlate from trapped states of struc-
tural voids but not from de10ca1ized 
state in the isotropic graphite: a~~ihi
lation from delocalized state would give 
an intermediate width between those for 
the PZPC and PZNC orientations and 
rather flat shape around zero angle. It 
should be noted that vacancies or their 
very small microvoids can not exist 
because the sample has been heat-treated 
at high temperature of 2500"C. 

We consider possible positron 
trapping in the structural voids. Arti-
ficial graphites are characterized by a 
significant ( closed and opened ) poros-
ity among grains and voidage within 
grains (Fig ‘ l(d)). AXF-5Ql is a fine-
grained isotropic graphite which are 
extrem巴1y isotropic and of very smal1 
and uniform crystallit邑 size [161. 
Positrons in graphite bulk are well 
characterized as "interlayer positrons" 
between the hexagonal network planes and 
may hav邑 markedanisotropy in positron 
diffusion. However to our knowledge no 
experimental information on the diffu-
sion has been reported. Then we simply 
assume positron diffusion constant of 
perfect graphite crystals D= 1 cmιIsec， 
as seen in meta1s and semiconductors 
[24]. and get a diffusion length (D )...，，，， 

200nm which is much longer than the 
crystallite size of 40nm. This suggests 
that most of positrons in the crystal-
lite diffu宮eto the inter-crysta11ite 
voids ，get trapped there and give the 
10nger lifetime component and a narrow 
ACAR curve. De10ca1ized positron states 
in these void are discussed later. 
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Fig.4. Positron lifetime spectra of 
HOP~ ， glassy carbon (GC-20) and C60/C70 
powder. Time scale is 23.2 psec/channel: 
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3-2 Glassy Carbons 

ACAR curves of the g1assy carbo~哩，
especia11y of GC-10. were found to be 
very simi1ar to that ofAXF-5Ql as 
seen from their Fin倒 (Tab.1 ). ACAR 
curves of GC-20 (shown 1ater in a 
cam~~rison with C60/C70 of Fi~.5 and 
GC-30 are broader-thaD-that of GC・10.
Lifetime spectra of the g1assy carbons， 
for examp1e GC-20 as pzesented in Fig.4， 
are we11 decomposed to sing~e lifetime 
components of 390 -4自opsec ( Tab.1 】.
These resu1ts indicate that positrons in 
the glassy carbons are trapped 1n struc-
tura1 voids. as in the isotropic graph-
ite. For samp1es of higher heat-
treatment temperature (GC・20 and GC-
30)， narrawing in ACAR curve and in-
crease in positron 1ifetime are observed 
(Tab.1 ). These changes by heat treat-
ment are presumab1y due to growth of the 
vOids， a.5 seen in 孟ncrease of Rn 
(Tab.1)【10]. Voids in g1assy carbons are 
we11 known to have nearly spherica1 
polyhedra bounded by graphite 1ayer 
planes ( Fig.l(e) ) and to be uniform in 
size as revealcd by Guinier p10t of 
sma11 angle scattering intensity ( x-ray 
[25] and neutron [19] ) and give we11 
definite value of Rg as 1isted in Tah.l. 

Natural question is about trapping 
state of positrons in the voids in the 
isotropic graphites and glassy carbons. 
Various void-trapping states in metals 
have been reported so far: void-surface 
of many metals [1J， free positronium 
(Ps) in voids in V and Nb [26] and Ps-
1ike state at void surface of A1 [27]. 
For meta1s it is we1! known that ACAR 
FWHM width decreases and lifetime in-
creases with the radius up to about 0.5 
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nm. However, further increase in the 
radi us does not give any change in ACAR 
curve and lifetime any more, which is 
interpreted as appearance of positron-
trapping at the void surface (Fig.6(a)). 
The trapping state at the void surface 
has essentially the same physical ori
gins as that at free surface: positrons 
are repelled toward vacuum by surface 
dipole potential induced spilled-out 
electrons while attracted by image 
force. Are tt̂ ey possible in carbon 
materials ? On the contrary to the case 
of conduction electrons in metals, 
valence electrons in graphite cannot 
spill out from surface because of cova-
lent bonding. Further formation of the 

(a) 
Bulk Void Bulk 

Fig.6. Schematic representation of 
possible positron trapping states in 
voids of graphite and glassy carbon, (a) 
surface trapping and (b) volume trap
ping. In (b) the vertical lines show 
facing hexagonal graphite-layers, with 
effective separation of d ( diameter), 
at the void surface. The limit of d -
c/2 could be assumed to correspond to 
interlayer positrons in the bulk of 
graphite. Schematics of effective poten
tial energy (V +) of a positron near the 
graphite layer and of positron wave 
function (V + ) in the void are shown, a 
and n electrons of the graphite-layers 
are also shown. 

image potential could be supposed to be 
very limited if we notice that the 
electron pile-up to form the image 
potential is only done by r. -electrons 
which can freely move along graphite 
hexagonal network plane, but not perpen
dicular to it. 

Sferlazzo et al. [28], from slow 
positron experiment, have demonstrated 
that surface two dimensional (2D) ACAR 
spectrum is very similar to that of the 
bulk in HOPG, in contrast to the case of 
metal where the surface spectrum is 
substantially different from the bulk 
one. To explain the similarity they have 
proposed two possibilities: (1) the 
surface trapping state does not exists 
and the positron annihilate in the last 
few graphite layers (2) the electrons 
sampled by the surface-bound positrons 
are very similar to those sampled by the 
interlayer positrons in the bulk. We 
have to note here that formation of a 
surface-bound state for positron should 
be accompanied by significant change in 
the surface-electron states, especially 
of n-electrons, which will be detected 
in the 2D ACAR spectrum as stated 
above. Then we support the first possi
bility, no surface-trapping state of 
positrons. This is further supported by 
the results of AXF-5Q1 which is defi
nitely characterized as small crystal
lites of nearly perfect graphite crys
tals plus voids among the crystallites 
and inter-granular voids. If the sur
face-trapping is possible in graphite 
and ACAR momentum distribution is nearly 
the same as that in the bulk, almost all 
positrons should be trapped at the void 
surface and give ACAR curve correspond
ing to an intermediate between the c-
axis parallel [PZPC] and perpendicular 
[PZNC] ACAR curves. This is not con
sistent with the present result: the 
curve for AXF-5Q1 is narrower than even 
that for PZNC. Then we have to seek a 
possible alternative model of void 
trapping. 

In HOPG the positron state are well 
explained in terms of a two dimensional 
state of delocalized interlayer positron 
sampling preferentially the n-electrons 
[22,29], as schematically depicted in 
Fig.6(b) with a separation of d = c/2 
between the hexagonal graphite layers. 
It should be noted that the positrons 
exist mostly in the interlayer region 
but hardly upon the graphite layer. 
Voids in glassy carbon are bounded by 
graphite layer planes ( as shown in 
Fig.1(e) ), sometimes accompanied with 
turbostratic stacking. Then we propose a 
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nm. However， further increase in the 
radius does not give any change in ACAR 
curve and lifetime any more， which is 
interpreted as appearance of positron-
trapping at the void surface (Fig.6(a)). 
The trapping state at the void surface 
has essentially the same physical ori-
gins as that at free surface: positrons 
are repelled toward vacuum by surface 
dipole potentia1 induced spilled-out 
electrons while attracted by image 
force. Are trey possible in carbon 
materials? On the contrary to the case 
of conduction electrons in metals， 
valence electrons in graphite cannot 
spi11 out from surface because of cova-
1ent bonding. Further formation of the 

(a) 

Bulk Void Bulk 
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Fig.6. Schematic representation of 
possible positron trapping states in 
voi~s of graphite and glassy carbon， (a) 
surface trapping and (b) vo1ume trap-
ping. 1n (b) the vertica1 1ines show 
facing hexagona1 graphite-1ayers， with 
effective separati口nof d ( diameter) ， 
at the void surface. The limit of d 
c/2 cou1d be assumed to correspond to 
interlayer positrons in the bulk of 
graphite. Schematics of effective poten-
tia1 energy (V+) of a positron near the 
graphite 1ayer and of positron wave 
function (W +) io the void are shown.σ 
and n e1ectrons of the graphite-layers 
are a1so shown. 
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image potential cou1d be supposed ~o be 
very limited if we notice that 沿le
e1ectron pile-up to form the i皿age
potentia1 is on1y done by r.-e1ectrons 
which can free1y move a10ng graphite 
hexagona1 network p1ane， but not perpen-
d:icu1ar to :it. 

Sfer1azzo et a1. [28]， fro岨 s10w
positron experiment， have demonstrated 
that surface two dimensiona1 (2D) ACAR 
spectrum is very simi1ar to that of the 
bu1k in HOPG， in contrast to the case of 
meta1 where the surface spectru皿 is
substantia11y diEferent from the bu1k 
one. To explain the similarity they have 
proposed t田o possibilities: (1) the 
surface trapping state does not ex:ists 
and the positron ann:ihi1ate io the 1ast 
few graphite layers (2】 the e1ectrons 
sa皿pled by the surface-bound positrons 
are very similar to those sampled by the 
:inter1ayer pos:itrons in the bu1k. We 
have to note here that for湖 ation of a 
~urface-bound state for positron shou1d 
be accompanied by sign:if:icant change in 
the surface-electron states， esp邑cia11y
of ll-electrons， which wi11 be detected 
in the 2D ACAR spectrum as stated 
above. Then we support the first possi-
bility， no surface-trapping state of 
positrons. This is further supported by 
the resu1ts ofAXF-5Q1 which is defi-
nite1y characterized as sma11 crystal-
1ites of near1y perfect graphite crys-
ta1s p1us voids among the crysta11ites 
and int邑r-granularvoids. lf the sur-
face-trapping is possible in graphite 
and ACAR momentum distribution is nearly 
the same as that in the bu1k， a1most a11 
positrons should be trapped at the void 
surface and give ACAR curve correspond-
ing to an intermediate bet'回een the c-
axis para11e1 [PZPC] and perpendicular 
[PZNC] ACAR curves. This is not con-
sistent with the present result: the 
curve for AXFー円Q1is narrower than even 
that for PZNC. Then we have to seek a 
possible a1ternative mode1 of void 
trapping. 

In HOPG the positron state are we11 
exp1ained in terms of a two dimensiona1 
state of de100a1ized inter1ayer positron 
sampling preferentia11y the n-e1ectrons 
[22，29]， as schematically depicted in 
Fig.6(b) with a separation of d 0/2 
between the hexagona1 graphite 1ayers. 
1t shou1d be noted that the positr~ns 
exist most1y in the inter1ayer region 
but hardly upon the graphite layer. 
Voids in glassy carbon are bounded by 
graphite layer plan邑s ( as shown in 
Fig.1(e) )， sometimes acoompanied with 
turbostr目aticstacking. Then w邑 proposea 
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simple model that the positrons are in a 
free state but effectively confined by 
the inner-most, namely void-wall, graph
ite layers of the voids. Since valence 
electrons of graphite are essentially of 
two dimensional, the electron state at 
the inner-most graphite layer is also 
nearly the same as that of graphite 
layer in the bulk. In this model the 
wave function of the positron is extend
ed over the whole of the void. For small 
voids with diameter less than about 5 
run, the positron state will be given 
well by that of zero-point motion (ZPM). 
Therefore the void diameter, or an 
effective separation between the facing 
graphite void-wall layers (Fig.6(b)), 
determines positron annihilation life
time and ACAR distribution. Hereafter we 
call this void-volume trapping to make 
distinction from conventional void-
surface trapping in metals. Interaction 
between the void-wall and the volume-
trapped positron will be subject of 
future study. However we note a volume 
effect stem from ZPM. Positrons confined 
in spherical infinite square-well 
potential with radius R v will have the 
ZPM energy, E 0, 

layer space and are supposed to be 
emitted easily along the basal plane. 
Consequently if the void-wall contains 
the edge (such as zig-zag or arm-chair 
[17]) of graphite hexagonal networks, 
free positrons can be emitted there, 
perpendicular to <0001>, to be confined 
in the voids. 

For simplicity we assume the voids 
in glassy carbons are spherical in their 
shape, then the void radius, R v, is 
related to R. 9' 

(5/3)R g
2. 

In Fig. 7 ACAR FWHM widths and lifetimes 
are plotted against the void radius 
calculated from the result of small 
angle neutron scattering shown in Tab.l, 
and further ACAR widths ( PZPC and 
PZNC ) and lifetime of HOPG are also 
shown for the effective separation of 
c/2. It is clearly seen that ACAR width 
decreases and lifetime increases with 
increase in the effective separation up 
to about 3 run but are saturated for the 
further increase. This definitely demon
strates the overlapping between the 
positron wave function and the electron 

where m is the positron mass. Eg amounts 
to 1.5 eV for R^-0.5 nm and 0.48 eV for 
Ry = 1 nm. This square-well potential 
might be too simple but could give us 
correct order of the ZPM energy. The 
smaller ZPM energy for the larger void 
is, at least one of, reason for the 
void volume-trapping. 

Here we adopt an over-simplified 
picture that the positrons in the bulk 
graphite are confined in a void with 
diameter of the interlayer separation 
( namely c/2 ), neglecting an effect 
coming from difference of dimensionali
ty of the confinement space : two dimen
sional for graphite bulk and three 
dimensional for voids. 

One might suppose that positron 
emission from the void surface is ener
getically unfavorable, because positron 
work function of HOPG is reported to be 
about 1.5 eV [28,30]. It should be noted 
that this work function is for the 
emission along <0001> direction from the 
basal-plane, and corresponds to energy 
barrier to be overcome by the positron 
when passing through the outermost 
graphite hexagonal network plane at the 
surface. However the positrons can move 
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Fig.7. Relations between positron anni
hilation characteristics ( ACAR FWHM 
width and lifetime ) and the effective 
separation ( void diameter ). For ACAR 
width of HOPG, circles stand for PZNC 
and squares for PZPC orientation: open 
symbols are for unirradiated and solid 
ones are for irradiated HOPG-ZYH. 
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simp1e mode1 that the positrons are in a 
free state but effective1y confined by 
the inner-most， namely vOid-wal1， graph-
ite 1ayers of the voids. Since va1ence 
巴1ectronsof graphite are essentia11y of 
two dimensiona1， the e1ectron state at 
the inner-most graphite layer is a1so 
near1y the same as that of graphite 
1ayer in the bu1k. 工n this mode1 the 
wave function of the positron is extend-
ed over the who1e of the void. For sma11 
voids with diameter 1ess than about 5 
nm， the positron state wil1 be given 
we11 by that of zero-point四otion(ZPM). 
Therefore the void diameter， or an 
effective separation between the facing 
graphite void-wall layers (Fig.6(b))， 
determines positron annihi1ation 1ife-
time and ACAR distribution. Hereafter we 
ca11 this void-vo1ume trapping to make 
distinction from conventiona1 void-
surface trapping in meta1s. Interaction 
between the vOid-wall and the vo1ume-
trapped positron wi11 be subject of 
future study. Howev邑rwe note a vo1ume 
effect stem from ZPM. Positrons confined 
in spherica1 infinite square-we11 
potentia1 with radius Rv wi11 have the 
ZPM energy， EO' 
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where m is the positron mass. En amounts 
to 1.5 eV for ~.=O.5 nm and 0.4B eV for 
Ru 1 nm. This square-we11 potentia1 
might be too simp1e but cou1d give us 
correct order of the ZPM energy. The 
sma11er ZPM energy for the 1arger void 
is， at 1east one of， reason for the 
void vo1ume-trapping. 

Here we adopt an over-simp1ified 
picture that the positrons in the bu1k 
graphite are confined in a void with 
diameter of the interlayer separation 

name1y c/2)， neglecting an effect 
coming from difference of dimensiona1i-
ty of the confinement space two dimen-
siona1 for graphite bu1k and three 
dimensiona1 for voids. 

One might suppose that positron 
emission from the void surface is ener-
getica11y unfavorab1e， because positron 
work function of HOPG i5 reported to be 
about 1.5 eV [28，30]. It should be noted 
that this work function is for the 
emission a10ng <0001> direction from the 
basa1-p1ane， and corresponds to energy 
barrier to be overcome by the positron 
when passing through the outermost 
graphite hexagonal network plane at the 
surface. However the positrons can move 

-
layer space and are supposed to be 
emitted easi1y a10ng the basa1 p1ane. 
Consequent1y if the void-wa1l contains 
the edge (such as zig-zag or arm-chair 
[17]) of graphite hexagonal networks. 
free positrons can be emitted there. 
perpendicular to <0001>， to be confined 
in the voids. 

For simplicity we assume the voids 
in glassy carbons are spherica1 in their 
sh~pe. then the void radius. Ry. is 
related to Rg. 

RV2=t5/3mg2. 

1n Fig. 7 ACAR FWHM widths and lifetimes 
are plotted against the void radius 
ca1culat邑d from th邑 result of smal1 
angle neutron scattering shown in Tab.l. 
and further ACAR widths PZPC and 
PZNC and 1ifetime of HOPG are a1so 
shロwn for the effective separation of 
c/2. It is c1early seen that ACAR width 
decreases and 1ifetime increases with 
increase in the effective separation up 
to about 3 nm but ara saturated for the 
further increase. This definite1y demon-
strates the over1日.pping betwean the 
positron wave functiun and the electron 
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Fig.7. Relations between positron anni-
hi1ation characteristics ACAR FWHM 
width and lifetime ) and the effective 
separation (void diameter ). For ACAR 
width of HOPG， circ1es stand for PZNC 
and squares for PZPC orientation: open 
symbols are for unirradiated and so1id 
ones are for irradiated HOPG-ZYH. 
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wave functions of the void-wall graph
ite. From Fig.7 we can make rough 
estimation of the void diameter from 
ACAR width or lifetime. The results 
about the irradiated H0PG-2YH are shown 
in Fig.7 by a closed square and circles 
at c/2 of the unirradiated state. These 
data indicate that the irradiation= 
induced defects are voids with the 
nearly the same diameter as those of GC= 
10 or GC-20, namely 20-30 nm. Because 
vacancy in graphite can migrate above 
1000°C [31], these voids are not due to 
vacancy clustering but to mierocracks 
produced by marked anisotropic change in 
the lattice constants: 10.2% dilatation 
in the c-axis whereas 0.7% shrinkage in 
the a-axis ( Tab.l ). This marked aniso-
tropy is due to carbon interstitial 
clusters, such as C2 a n c* c 3 ' formed in 
the interlayer space, and is significant 
after irradiation at temperatures below 
200°C [31]. 

We make a short remark about Ps 
formation in the voids. Free Ps emission 
is possible since positronium work 
function is negative ( -0.6eV) [28]. 
Actually a narrow p-Ps peak with small 
intensity around the zero momentum 
portion of ACAR curve were found for 
HOPG [22] and Grafoil (from Union Car
bide Co.) [32] which is an exfoliated 
recompressed sheet made from graphite 
particles: 0.35 % and 2.5% of the p-Ps 
intensity for HOPG and Grafoil respec
tively. In present study, however, such 
a narrow p-Ps peak has not been detect
ed. 

3-3 C 6 0 / C 7 0 Fullerene 
ACAR curve of the Cgg/C^g powder 

agrees very well with that of GC-20 as 
shown in Fig.4. Lifetime spectrum of the 
powder is also similar to that of GC-20 
( Fig.4 ) and is represented by a single 
component of 417 psec which is in good 
agreement with the previous results 
by other groups [11-13]. It should be 
noted that these positron annihilation 
characteristics of Cgg/CyQ are complete
ly the same as those observed for the 
glassy carbons and isotropic graphites. 
This indicates a positron trapping state 
in open volume which is very similar to 
the voids in glassy carbons. 

The CCQ fullerene crystallite 
powder consists of the soccer ball 
molecules of 60-atom cage , which form 
FCC structure with a lattice constant of 
1.42 nm [9](Fig.l). The soccer ball has 
a hollow-cage structure of truncated 
icosahedron which has a diameter of 

0.71nm and consists of 12 pentagons and 
20 hexagons [9,10]. In the cage bond 
lengths between C-C are 0.140 and 0.146 
nm , which are very close to that in 
graphite hexagonal network (0.142 nm). 
This structure makes its electronic 
structure very similar to that in graph
ite, namely trigonal o and iz elec
trons. While within the cage the C-C 
bonding is very strong, the intermolecu-
lar ( C6 0-C 6 0) bonding is very weak and 
analogous to the interlayer bonding 
between graphite layers and also due to 
van der Waals attraction. Because of the 
weak intermolecular interaction, the 
solid CgQp has large open spaces, for 
example, at the octahedral interstices 
where potassium atoms can be accommodat
ed in. The distance, van der Waals 
separation, between adjacent cages is 
about 0.29 nm, as compared with the 
interlayer distance ( 0.335 nm ) of 
graphite. Puska and Nieminen [14] calcu
lated the positron wave function and 
lifetime within the local density ap
proximation and suggested that the 
positron density is highly concentrated, 
but not delocalized, in the open volume 
of the octahedral interstices. They 
also calculated positron lifetime very 
similar to the experimental one. The 
nearly same calculations have been 
reported by Ishibashi et al. [15] and 
Jean et al. ri-2]. However, lifetime of 
about 400 psec has been commonly ob
served in glassy carbons as well as 
isotropic graphite and irradiated KOPG 
as shown above. The significant observa
tion of present study is that the ACAR 
curve of C 6 Q / C 7 0 also agrees quite well 
with that of GC-20. In view of the fact 
that the ACAR curve and the lifetime of 
the c60/ c70 powder are very similar to 
those of the glassy carbons, positrons 
should be in the nearly the same state 
in both carbon materials. Further we 
have to note that C 6 0 has basically the 
same chemical bonding character as those 
in graphite and glassy carbon, namely 
trigonal sp and n-electrons. 
Then we could reasonably assume that 
the positrons are trapped in open volume 
which size is given by the void volume-
trapping model for the glassy carbons. 
The present results are shown by dashed 
lines in Fig.7 and indicates that posi
trons are trapped in open volume with 
diameter jf about 2 nm, which is much 
larger than that at the octahedral 
interstices ( 0.71 IUI ). To illustrate 
this a sphere of radius 2 nm centered on 
the soccer-ball lattice point is shown 
in Fig.8. The sphere is clearly found to 
be much bigger than an inscribed sphere 
at the octahedral interstice point, for 
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wave functions of the void-wa11 graph-
ite. From Fig.7 首'e Ceal make rough 
estimation of the void diameter from 
ACAR width or 1ifetime. The resu1ts 
about the irradiated HOPG-.YH are shown 
in Fig.7 by a c10sed square and circ1es 
at c/2 of the unirradiated state. These 
data indicata that the irradiation= 
induced defects are voids with the 
near1y the same diameter as those of GC= 
10 or GC-20， name1y 20・30 nm. Because 
vacancy in graphite can migrate abロ've
1000.C [31]， these voids are not due to 
vacancy c1ustering but t白血i<.:rocracks
produced by marked anisotropic change in 
the 1attice constants: 10.2% di1atation 
in the c-axis whereas 0蜘 7%shrinkage in 
the a-axis ( Tab.1 ). This marked aniso-
tropy is due to carbon interstitia1 
c1usters， such as C~ and C角， formed in 
the inter1ayer space， and i5 significant 
after irradiation at temperatures below 
200.C [31]. 

We make a short remark about Ps 
formation 1n the voids. Free Ps emission 
is possib1e since positronium work 
function is negative (ーO.6eV) [28]. 
Actua11y a narrow p-Ps peak with smal1 
intensity around the zero momentum 
portion of ACAR curve were found for 
HOPG [22] and Grafoi1 (from Union Car-
bide Co.) [32] which is an p.xfo1iated 
recompressed sheet rnade frorn graphite 
partic1es: 0.35 % and 2.5% of the p-Ps 
intensity for HOPG and Grafoi1 respec-
tive1y. 1n present study， however， such 
a narrow p-Ps peak has not been detect-
ed. 

3-3 C60/C70 Fu11erene 

ACAR ~urve of the C60~C70 _~owder 
agrees very we11 with thatof GC・20as 
shown in Fig.4. Lifetirne spectrum of the 
powder is a1so sirni1ar to that of GC・20
( Fig.4 ) and is represented by a sing1e 
component of 417 psec which is in good 
agreernent with the previous resu1ts 
by other groups [11-13]. 1t should be 
noted that these positron annihilation 
characteristics of C60/C70 are cornplete-
ly the same as those-observed for the 
glassy carbons and isotropic graphites. 
This indicates a positron trapping state 
in op邑nvolume which is very similar to 
the voids in g1assy carbons. 

The C刷、 fu11erene crystallite 
powder consists of the soccer ball 
rnolecu1es of 60・atorncage ， which form 
FCC structure with a lattice constant of 
1.42四n (9)(Fig.1). The soccer ba11 has 
a hollow-cage structure of truncated 
icosahedron which has a diarneter of 
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0.71nm and consists of 12 pentagons and 
20 hexagons [9，10]. 1n the cage bond 
1engths between C-C are 0.140 and 0.146 
nm which are very close to that" in 
graphite hexagonal network (0.142 nm). 
This structure rnakes its electronic 
structure very simi1ar to that in graph-
ite， na皿ely trigonal u and 1I elec-
trons. While within the cage the C-C 
bonding is very strong， the interrnolecu-
lar_( C60-C60) bonding is !ery weak and 
analogous to the interlayer bonding 
between graphite 1ayers and a1so due to 
van der Waals attraction. Bec包.useof the 
weak interrnolec.ular interaction， the 
solid C60P has large ~pe~ spaces， for 
exarnple， --at the octahedral interstices 
where potassiurn atorns can be accornrnodat-
ed in. The distance， van der Waals 
separation， between adjacent cages is 
about 0.29 nrn， as cornpared with the 
interlayer distance (0.335 nrn of 
graphite. puska and Nierninen [14] calcu-
lated the positron wave function and 
lifetime within the local density ap-
proximation and suggested that the 
positron density is highly concentrated， 
but not delocalized， in the open volurne 
of the octahedral interstices. They 
also calc.ulated positron lifetirne very 
sirnilar to the experirn邑ntal one. The 
nearly sarne calculations have been 
reported by 1shibashi et al. [15] and 
Jean et al. [12]. However， lifetime of 
about 400 psec has been commonly ob-
served in glassy carbons as well as 
isotropic graphi te and irradiated f:OPG 
as shown above. The significant observa-
tion of pr邑sentstudy is that the ACAR 
curve of C60/C10_~lso agrees quite well 
with that ó圭 GC~20. 1n view of the fact 
that the ACAR curve and the lifetirne of 
the C60/C70 p~wder are_ very sirnilar to 
those of tbe glassy carbons， positrons 
should be in the nearly the same state 
in both carbon rnaterials. Further we 
have to note_that_C60 has basically the 
sarne caernical bonding character as those 
in graphit~ and glassy carbon， na皿ely
trigonal sp~ and lI-electrons. 
Then we could reasonably assume that 
the positrons are trapped in open volurne 
which size is given by the v01d volume-
trapping model for the glassy carbons. 
The present results are shown by dashed 
lines in Fig.7 and indicates that posi-
trons are七rappedin open volume with 
diameter ~f about 2 nrn， which is rnuch 
larger than that at the octahedral 
interstices (0.71 ~~ ). To ill.ustrate 
this a sphere of radius 2 n皿 center邑don 
the soccer-ball lattice point is shown 
in Fig.8. The sphere is clearly found to 
be rnuch bigger than an inscribed sphere 
a 



example 0 T, and to have the nearly the 
same open volume as that estimated for 
the soccer-ball vacancy where one mole
cule of C 6 Q is missing. This strongly 
suggests the positron trapping at the 
soccer-ball vacancy with ample trapping 
rate from the delocalized state. 

We consider possibility of positron 
trapping in inter-granular open space of 
the powder: grain size of the powder is 
order of 10 m. If positrons are trapped 
there, their lifetime will show no 
change upon cooling. Positron lifetime, 
however, was found to decrease slightly 
with temperature down to 10K: about 10 
psec shorter at 10K than that at room 
temperature, as shown in Tab.l. This is 
due to the small reduction of the open 
volume caused by lattice shrirkage at 
low temperature: shrinkage in a 0 at 11 K is about 1% [33]. This reduction can be 
evidence of the volume-trapping of 
nanometer-scale rather than of micron-
scale for the inter-granular open space. 

In this context, we note that 
nearly the same reduction has been also 
predicted theoretically for the delo
calized positrons by Puska and Nieminen. 
In their model the positrons are concen
trated in the octahedral interstices. 
Then it should be pointed out that 
positron lifetime is sensitive to the 
lattice parameter and that positrons in 

- 110 — l.OOnm—-

Fig.8. The soccer-ball array in the 
(110) plane and possible open volume in 
CCQ- Dashed circles represent the soccer 
ball on the neighboring (110) plane. 
Octahedral interstice is shown by a 
circle with mesh (0™). Large circle 
represents a sphere with diameter of 2 
nm : approximating size of the soccer-
ball vacancy. 

C^Q are localized or nearly localized in 
open volume but not the void surfaces or 
soccer-ball surface. 

In summary, we have done systematic 
study of various kind of carbon materi
als, HOPG, isotropic fine-grained graph™ 
ite, glassy carbon and C^ Q / C 7 O powder, 
and have found similar ACAR curves and 
lifetimes common to them. These are come 
from the void-volume trapping and exper
imentally correlated to the void size 
obtained from small angle neutron fscat-
tering. Based on the correlation the 
positron-trapping open volume is roughly 
estimated about 2 nm in diameter and 
shown to correspond to the volume around 
the soccer ball vacancy. This strongly 
suggests existence of the soccer-ball 
vacancy in Cgg/CyQ crystallite. 

We thank staff members of the 
Oarai Branch of IMR# Tohoku University 
for their help in handling irradiated 
samples and positron sources. 
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exampl色 O守、， and to have the near1y the 
same open"v01ume as that esti田ated for 
the soccer-ba11 vacancy where one 皿ole‘

cule of C60 is missing. This strong~y 
suggests tfie positron trapping at the 
soccer-ba11 vacancy with amp1e trapping 
rate from the de1口ca1:izedstate. 

W邑 considerpOSSibi1ity of positron 
trapping in inter-granu1ar open space of 
the powder: ~rain size of the powder is 
order of lO-'m. If positrons are trapped 
there， their 1ifetime wi11 show no 
change upon co01ing. Positron 1ifetime， 
however， was found to decrease slightly 
with temperature down to 10K: about 10 
psec shorter at 10K tha~ that at room 
temperature， as shown in Tab.1. This is 
due to the sma11 reduction of the open 
v01ume caused by 1attice shrirkage at 
low temperature: shrinkage in aO at 11 K 
is about 1告 [33]. This reduction can be 
evidence of the v01ume-trapping of 
nanometer-sca1e rather than of micron-
sca1e for the inter-granu1ョropen space. 

1n this cont邑xt， we note that 
nearly the same reduction has been a1so 
predict邑d theoretica11y for the de10・
ca1ized positrons by Puska and Nieminen. 
工n their mode1 the positrons ar邑 concen・
trated in the ロctahedra1 interstices. 
Then it shou1d be pointed out that 
positron 1ifetime is sensitive to the 
lattice parameter and that positrons in 

Fig.8. The soccer-ba11 array in the 
(110) p1ane and possib1e open vo1ume in 
C刷、.Dashed circ1es represent the 50ccer 
b亙I1 on the neighboring (110) p1ane. 
Octahedra1 interstice i5 shown by a 
circ1e with mesh (0中). Larg邑 circ1e
repre5ents a sphere with diameter of 2 
nm approximating size of the soccer-
ball vacancy. 
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C60 are 10ca1ized or near1~_ioca~ized in 
open vo1ume but not the void surfaces or 
soccer-ball surface. 

1n summary. we have done systematic 
study of various kind of carbon materj.--
a1s， HOPG， isotrop:二c fine-grained graph-
ite， glassy carbon凱 dC60/C70 powder. 
and uave found similar AC且Rcurves and 
1ifetimes common to them. These are come 
from the void-volume trapping and exper-
imentally correlated to the void size 
obtained fro田 smal1ang1e neutron !.cat-
tering. Based on th邑 correlation the 
positron-trapping open volume is rough1y 
estimated about 2 nm in diameter and 
ShOWTl to correspond to the volume around 
the soccer ba11 vacancy. This strong1y 
sl!ggests existence of the soccer-ball 
vacancy in C60/C70 crystal1ite. 

同e thank staff members of the 
Oarai Branch of lMR， Tohoku University 
for their help in ha~dling irradiated 
samples and positron sources. 
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