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The facility of the JAERI tandem accelerator and its booster has been contributing to
obtain plenty of fruitful results in the fields of nuclear physics, nuclear chemistry, atomic and
solid state physics and materials science, taking an advantage of its prominent performances of
heavy ion acceleration. The previous meeting held in 1999 also offered an opportunity to
scientists from all over the heavy ion science fields, including nuclear physics, solid state
physics and cross-field physics to have active discussions. This meeting included oral
presentations with a new plan and with a new scope of fields expected from now on, as an
occasion for opening the 21st century in heavy ion science.

This meeting was held at Advanced Science Research Center in JAERI-Tokai on January
9th and 10th in 2001, having 14 oral presentations severely selected and 35 posters, and
successfully carried out getting as many as 190 participants and a lot of sincere discussions.
This summary is the proceedings of the meeting.

We would like to thank all staff of the accelerators section, participants, and office
workers in the Department of Materials Science for their support.

Keywords : Tandem Accelerator, Heavy Ion, Nuclear physics, Nuclear Structure, Nuclear
Chemistry, Material, Super conductor, Radiation Damage
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RNB facility at the Tandem accelerator

2R Fh
H. Miyatake
&L 3L F— B R 7T RS - R T IR TR ST

Institute of Nuclear and Particle Studies, High Energy Accelerator Research Organization

6000FEBELELVOLNIEEMBFEFRICEIIEME. BLFE. REBVE. U
HREZZOMRSEIL. BETHIESKHRDTND,
IRSOMEICHAINZEHEMEE - LEREBITIIRIT 5 & ANEBPERIGIC
EBA2TITAMEE, CZITRATHEIOBRERBBOERBEOBEMEIZL S
ISOL #D 2 ENH 5. k4L, "BE5NBE—LOIXRINF—, H. BEOLITHHE
RR AR O, HRMIZIT L TR OBRENEAT NS,
EBIREEORHENE EV/)L—7TR, 199 7THFICVWEEL ISOL BoEHH
BoBmMELREBLZERIE. 199 9ENSONEBRERERNE THIEHE2ED
T&Ehk, ZOEBTIE SF Y1700 h50BTEOBRRTF2ENICRBREL TE
HMEEERL. BROMERICMHEETI D, (AR, A2 51 CEBRSHBEE.
BIRNF—E—LTA . SCRFQ-BUREIMESR. HI-BHEAMELE B L UVREKK
IRPERA RSB REOREEEN SRS,

SC-RFQ IH1
Frequency(MHz) 25.5 51
Charge-to-Mass Ratio(q/A) 21/30 21/10
Input Energy(keV/u) 2 172
Output Energy(MeV/u) 0.134-0.172 172-1.053
Normalized Emittance 0.6 _mmemr
Energy Spread(%) 1.03 <2.80
Duty Factor(%) 100% for g/A>1/16, 270x(q/A)*x100% for q/A>1/30
Repetition Rate (Hz) 20-1000
Transmission Efficiency(%) ~95 ~95
Total Length(m) 8.6 5.6
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Nuclear astrophysical experiments using radioactive nuclear beams at JAERI-TANDEM
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2.5 Back to the Electric Quadrupole Interactions in Solids
-- Looking for the Nucleon Effective Charges in the Nucleus --
SELERINEMHAEER —BAKTEDERZRDT-

T. MINAMISONO
3} & Al

Physics Department, Graduate School of Science, OsakaUniversity
KB KZERERR LAY R EFR
1-1 Machikaneyama, Toyok\naka, Osaka 560-0043, JAPAN

Nuclear moments are very effective probes to look into inside the nucleus. For example, the well
studied magnetic moments of nuclear states have been very effective to disclose the configuration
mixing in the wave functions. This is mainly because the moment is very much dependent on the
geometry of the spins and orbital angular momenta. Naturally the small mesonic enhancement in
the g-factors allowed us to look into the non nucleonic degrees of freedom in the nucleus. On the
contrally, the quadrupole moments give information on the spatial spreade of nuclear matter in the
nucleus as well as the interaction of the valence nucleons with the core part of the nucleus in
addition to the spin coupling of the valence nucleon with the core [1 - 4]. Still though this study
has been very difficult because only inaccurate moment values are known for the short-lived nuclei,
which may clue the questions.

Specific interest is the effective charges of nucleons in the nucleus. The values are well known
following the studies given by B.A. Brown and H. Sagawa for the nuceons in the sd-shell nuclei
especially for the deeply bound ones. The definition of the effective charge ¢™ = O./Oy i.€,. the
experimental value divided by the theoretical value with charge €™ = 1e has to be modified for the
halo nucleus since the valence nucleon which maimly form a halo structure gives larger theoreteical
Q,, value while the nucleon interact less with the the core part compared with the deeply bound
nucleon nucleus. This allows us to use a smaller €™ for the halo nucleus than the known ones.
Suppose a spherical nucleus is radially extended, or several nucleons are loosely bound, as a halo
nucleus because of the small separation energy, then, its single particle value of the quadrupole
moment is going to be enhanced since it is proportional to mean square radius <> as the case
known in the quadrupole moments of *B and °Li in which a proton halo and a neutron halo
structures are known in them, respectively. The polarization effect, however, of the core nucleus
caused through the overlap of the valence nucleon with the core nucleus is going to be less. Then
the efective charges of the nucleons, defined by the ratio of the experimental quadrupole moment
divided by the shell model value evaluated with using Q= § p(r)(3cos’6 -1)dv, i.e., with €™ =le
for protons and neutrons, in the halo nucleus is goig to be very much suppressed. One of the
problems arise in using effectivecharges e:ﬁ =1.3 for protons and e = 0.5 for neutrons to derive
theoretical values. These effectve values are obtained by Sagawa and Brown by analyzing the data
of sd-shell nuclei. Therefore our question is that if the effective charges for the halo nuclei the
same with those for the nucleons in stable nuclei in which the balence nucleons are deeply bound.

Because of the recent great experimental developments in the production of the spin polarized
B-emitting nuclei through nuclear reactions especially using high energy heavy ion collisions and
the developments in the improved B-NMR technique (8-NQR) for detecting the electric quadrupole
interactions of those short lived nuclei with the electric field gradients defined by ¢ in various
crystals, the electric quadrupole coupling constant eqQ/h of nuclear quadrupole moment Q with the
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q can be measured with the precision better than 8Q/Q ~ a few %. The recent progress in
evaluating g, i.e., the capabilities of reliable measurements or of theoretical evaluation of the field
gradients in an ionic crystal in which the nuclei are forced to be inbeded to have the the nuclei
interact with the crystalline internal field gradient g also has been able to predict the g value with
similar precision [1-3]. Therefore, Q,,  value can be determined with 30Q/Q ~ 5% or better. Thus
we are now reached the stage where we can look deep into the quadrupole moments of halo nuclei
and nuclear structures of them studied by the quadrupole moments. Although the quadrupole
moments of the deeply bound even-odd nuclei are well understood as mentioned already, strange
discrepancy of the experimental data with the theoretical predictions are now disclosed. It is pointed
out that even in the deeply bound nucleon nuclei, several odd-odd nuclei gives us open problems
which still remain unsolved. Several examples even of the doubly closed shell £1 nucleon nuclei
are listed in the Table 1.

Table 1 Q of doubly closed shell +1 nucleon nuclei in_mb.

Nge 4og e;rr e:rr
0,(Halo) -151.3 -56.4 1.311 0.525 (used)
Qexp 156(3) -90(1.2)

l7F 170 e;l’l’ ere‘ff

0.,(OXBASH) -79 -30
O.(Halo) -100 -23.6 1.30 0.50 (HF+HF; H. Kitagawa)
chp '26(3)
Trial I : for 'F )
Oexp -58(4) egQ/h in MgF, NP A236(74)416.

g by KKR full Potential; Blaha °F in NiF,; PR 48(93)12672
&= 0.85¢ ; anomalOuse!

Trial 11 : for "F

Oexp -10020)  egO/h in MgF, NP A236(74)416.
¢. Kanamori; “F in CIF. IPS 121(66)213; contradict with Blaha's.

The small discrancy among the experimental and theoretical values of the A = 41 pairs are under-
stood by the non spherical core, the deformation of a few % of the *°Ca core. The understanding
in the moments of the A = 17 system, however, is not straight forward since the value -58(4)
derived by use of g given by Blaha in which KKR method using full Potential are employed gives
effective charge of protons e = 0.85¢ which is surpnzmgly small from the known value of 1.3e.

However, if we adopt the g value given by Kanamori for "°F in CIF, e = 1.3e is required. This
contradiction, an open problem, has to be solved especially by taking the dlfferences in the implan-
tation processes of '°F and ' 'F in to the implantation medium. Do the g values given now descrive
the ions at the real implanted sites? The experimental studies on '*F is on the phenomena shorter
than 100 ns after implantation, but the observation on "F is extended as long as 100 s after its im-
plantation. Accurate hyperfine interactions studies of those ions have to be continued.

Another strange deviation of the effective charge has been found [4] inthe O, of N(I=2,
T,,,=7.2 s), a particle and a hole states added to the doubly closed '°O core. Recently a measure-
ment gave avalue 0, =(179+17) mb. The theoretical single particle value for the Q of the
I(ep, ,2) (vd,," H> conﬁguratlon which occupy 96.1% of the total configuration gives O(' N,jj) =
-23 mb, where HO, Harmonic Oscillator Potential with the oscillator length 5 = 1.76 fm and a
standard effective charges, qfﬂ = +0.5¢ for neutrons in sd-shell nuclei, (Sagawa and Brown) are
used. This is already ~30% larger than the experiment. The shell-model-code OXBASH for p-
and sd-model space gives 0, (HO) = -47.5¢" mb and 0,(HO) = —5.9«;:"r using the HO wave
function for proton and neutron groups respectively, i.e., without halo effect. Using the empirical
effective charges ¢ (HO) = +0.48e for neutrons in sd-shell and gfﬁ(HO) = +1.48e for protons in
p-shell the theory gives O('°N; HO) = -31.5 mb which is 70% larger than the experimental value.
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This large discrepancy may indicate a crucial effect of the small binding energy on the neutron
component. On the contrary, the HF wave function with halo effect, gives O, (HF) = -60.4¢™ and
Q,(HF) = -5.1€", to yield O('°N; HF & halo) = -27.3 mb by using empirical ¢"'(HF) = +1.32¢
and c;fﬂ(HF) = +(0.34 + 0.04)e. The Q('GN; HF & halo) is still 50% larger than the experiment. In
order to reproduce the experimental value a set of new effective charges must be introduced. Since
10,,,(."N)I = 17.9 mb must explained by the theoretical |Q,(HF)+Q,(HF)! = I(-60.4¢")+ (-5.16™),
the ¢ value must be in the range of 0.19e ~ 0.21e for which q,df(HF) isin 1.3e ~1.0e. Adopting
the difference of the theoretical Q,,(HF)/(;,"”’f and Qn(HO)/e;f"f as the theoretical uncertainty for the nu-
clear matrix, we conclude a definitely small effective charge for the neutron in the d,, state of '°N,
qfﬁ(HF) = +(0.20+0.04)e. The value is almost 40% of the systematic effective charges for neutrons
in sd-shell. The present small qf"(HF) may indicate an important effect on effective charges for
loosely bound neutrons, i.e., a relatively large <r*>"? value of them and less perturbation to the
core of the nucleus. Such a small neutron effective charge may also be found in other Halo nuclei
including 15B, 17B, 18N, and '°0 provided that their nuclear structures are well investigated.
Further systematic studies on the nuclear electric interaction are strongly required in clarifying the
nuclear structures of the loosly bound nucleon nuclei, and odd-odd nuclei using the well developed

experiment and theory .
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2.7 BINARY ENCOUNTER ELECTRON SPECTROSCOPY OF CRYSTALLINE
SOLIDS BOMBARDED BY FAST IONS

H. KUDO
Institute of Applied Physics, University of Tsukuba

EETEEE DA A U HE 2 HEE TN
MERFE TR L M

fon-induced electron emission from solids reflects a variety of physical processes such as
electronic excitation and ionization in the target material, the transport of energetic electrons
through solids, and electron capture and loss of the projectile during the passage, etc. Over a
hundred years many workers have studied this phenomenon not only from pure physical
interest but also from practical purposes, for example, various applications to surface layer
analysis of materials. These numerous experimental and theoretical studies were reviewed ina
number of articles [1-5]. Also, atomic processes responsible for the ion-induced electron
emission have been reviewed extensively [6,7].

While the solid targets used in most of the studies were polycrystalline, the observations using
single crystal targets have been reported since the early 1960s [8-12]. In these studies, the
reduced electron yields were observed when the ions were incident in transparent, i.e.,
channel directions of the crystal lattice. It is notable that this period overlaps the early days of
ion channeling which later became a key concept in charged-particle interactions with single
crystals [13-15]. Furthermore, some groups reported observations of diffraction effects of
ion-induced low-energy electrons emitted from a crystal target [16-19]. At present, the
diffraction and related effects should be discussed in a unified manner, for example, in
connection with photoelectron diffraction which has been widely used for surface structure
analysis.

The next phase of the study of ion-induced electron emission from crystal targets started from
about 1980 when several groups measured ion-induced Auger electrons under channeling
incidence conditions [20-22]. Their interest includes the applicability of the channeling
technique to ion-induced Auger electron spectroscopy for surface structure analysis. The
observed Auger energy spectra typically exhibited reduced peak height and a short low-
energy tail under channeling incidence conditions. These spectra were successfully accounted
for in terms of the ion beam shadowing effect. However, the reduced continuum electron
yields generally observed in the experiments were explained less quantitatively [20], or
attracted only minor attention [22].

The subsequent experimental studies of the continuum electron yield from crystal targets has
been carried out by the research group at the University of Tsukuba. These studies rely
entirely on the well established channeling technique which enables control of impact
parameters in the ion-atom collision. The measurements of the continuum electron yield
under channeling as well as nonchanneling incidence conditions have been continued since
the late 1980s mainly at the University of Tsukuba and Japan Atomic Energy Research
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Institute at Takasaski, using ion beams obtained from accelerators of the tandem or single-
stage type, and from an ion implanter as well. The experimental data cover the ion energy
range 0.1-10 MeV/u, ion species of atomic numbers from 1 to 17, and various charge states.
Technically, the electron measurements at ~180° with respect to the ion beam direction allow
practical data acquisition for solid targets. The crystal targets used include metals,
semiconductors, as well as insulators.

The present understanding of the ion-induced electron emission from crystal targets is
outlined as follows:

(1) The 10on-induced electron emission reflects the initial stage of ion channeling, i.e., gentle
deflection of the incident ions away from the aligned atoms in the crystal, which causes
reduced electron emission in a backward direction. This is clearly seen for the electrons in the
keV energy range, originally produced by the binary encounter processes.

(2) The electron emission results not only from close ion--atom collisions but also from
distant collisions. Accordingly the electron emission under channeling incidence conditions
1s sensitive to the ion's behavior relatively far from the aligned atoms, in contrast to the close
encounter phenomena such as 1on backscattering or inner-shell X-ray emission.

(3) The electron yield in the channeling case can be accounted for in terms of the effective
thickness of the unshadowed surface layer and the effective escape length which characterizes
the electron yield in the nonchanneling case. These quantities can be estimated from
experiments, and partly from calculations. Detailed knowledge of the escape processes of the
emitted electrons, including further production of energetic secondary electrons, is
unnecessary in most of the applied studies.

The binary-encounter electron yield considered here results from multiple scattering of
energetic ions and electrons, which would require numerical calculations in an orthodox
approach. It has been demonstrated, however, that the electron yield under channeling as well
as random incidence conditions can be explained by the model based on the useful concept,
1.e., the effective surface layer responsible for production of the electron yield, which was
deduced from the experimental data covering a wide ranges of the ion energy and ion species.

The analysis model of the binary-encounter electron yield established in the present work
certainly enables insight into the seemingly complicated scattering and outgoing processes of
energetic electrons produced in crystalline or noncrystalline solids. Also, the experimental
technique developed is an example of a successful combination of the well-established
experimental techniques, i.e., ion channeling and electron spectroscopy, which have so far less
concerned each other.

The measurement technique, underlying physics, and several applications will be summarized
in a monograph, which is to be published in the middle 2001 [23]. Evidently, the present
understanding of the phenomena is more comprehensive and precise than in the earlier stage
of the research. Hence several earlier papers published by the author's group are to be
reviewed with adequate refinement based on the present better knowledge of the phenomena.
It will provide useful knowledge especially for students and scientists working at ion-beam
based research and development in various areas of atomic and solid state physics, materials
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science, surface science, etc.
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Material Research using Mossbauer Spectroscopy and Perturbed Angular Correlation
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Evaporation residue cross section in the superheavy mass
region

R A Y M KEEA
M. OHTA
Department of Physics, Konan University, Kobe, Okamoto 658-8501 Japan

In this reprot, on the analysis of the evaporation residue cross section in the

superheavy mass region, the following items are described.

(i) The way of thinking for the present systematic analysis
(ii) The reliance of the present results for a new future experimental design

(iii) The perspectives of our investigation

The synthesis of superheavy elements is carried out most likely by the fusion
reaction following the measurement of the evaporation residue nucleus. The evap-
oration residue cross section can be described in terms of the product of the two
factors: the formation probability P, and the survival probability P, and can

be written as

m
OER = le(Zl + 1)Pf0rPsur7

where k is the wave number for the incident channel.

When we analyze the evaporation residue cross section systematically from Z=102
to 120 and also for the various entrance mass combination, the quantities Py, and
P, vary from the order of 0.1 to 10~'° independently depending on the entrance
mass asymmetry (a = |A; — Ay|/(A1 + A2)), and the neutron number, the deforma-
_ tion, the excitation energy of the compound nucleus etc..

Many prediction for the synthesis of the unknown element, for example the
reaction "®Ge+2%Pb— 114 which is very popular now, are reported. The value of
the prediction for the above example lies between 0.12pb ~ 1.0pb[l1] and it seems
to be around a stable value, but it is supposed that the individual value of P,

and Py, are frequently quite different in each prediction, that is to say, the physical
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interpretation is different each other. For the reaction ¥Kr+2%Pb, the prediction
is unstable, i.e., 5.1fb~670pb[1].

Why the systematic analysis is needed is to have a confirmed understanding
on the new reaction mechanism expanding in the superheavy mass region. To get
the absolute value itself is not the main purpose of the present systematic analysis.
By using the most reliable model which can be constructed in term of the avail-
able current knowledge, we investigate the various reaction channel in the region of
Z=102~120 under the fixed model parameters and have an understandings on the
general trend for the synthesis of superheavy elements. This work is inevitable for
the new experimental design and this is the answer for the item (i).

The formation probability is given as the functional form Py, (Z, o, E*) in the
present analysis for the estimation of any compound nucleus with Z and E* through
the entrance channel with any mass asymmetry a. Py, is derived from the limited
data for the formation probability calculated by 3D-Langevin equation by Aritomo
et al.[2, 3] and Okazaki et al.[4, 5] , and is derived from the systematic knowledge on
the potential energy surface along the fission path for the compound nucleus with
Z=102 ~120. The guiding principle for the derivation of the functional form is the
diffusion probability overcoming the barrier AV under the contact of the heat bath

of the temperature T' which is rather confirmed as the classical diffusion process.

P ~ exp(—AV/T)

In the present study, AV is corresponding to the potential energy difference
between the value at the contact configuration of the reaction system and the value
at the saddle configuration of the compound system.

We know that AV is roughly proportional to Z and can be expressed as a function

of a as follows,

1

AV~ (2 = 10 e = 05)7a)

The final expression for Py, is

4 + (—=—L— +0.085)(Z — 100)
1Oglo Pfor(Z, a, E*) =04 - m

1+ exp((a —0.5)/A) ’
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where E'p means the interaction barrier height.
The survival probability has been estimated by the simulation code using the
information on I'y(E*)/Tie(E*) which is incorporated into the definition of Py,

as follows.

Psur = Hililpg)/ng:))tab

where ¢ means the evaporation step and N the maximum number of the evaporated

neutron. I'\! , =TO 4T (fi). It is noted that the collective enhancement in the level

tota

density of the compound nucleus for the ground state configuration and the saddle

one is very important. Here the prescription given by Junghous et al. is adopted.
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Figure 1: Maximum evaporation residue cross section in the over-barrier energy
region.

It is reasonable to say that our prediction for both Py, and Pj,, has an uncer-
tainty of one order respectively, therefore g may contain the error of £1.5 orders.

However, the relative trends of the experimental value over the wide range can be
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reproduced as shown in Fig.1, and this theoretical trend is rather stable result un-
der the change of the model parameters. This is the answer for the item (ii). In
Fig.1, the open circles show the experimental data which is so called "hot fusion”;
8Ca+2%Pb[6], SN+249Bk([7], BO+219CH[8, 9], 3'S+2%8U[10], and 3*S+24*Pu[11]. The
open squares show the experimental data by the Ca projectile[12] and the open tri-
angles the data for the Pb target[13]. The solid line shows the prediction by our
model for the seriese of the hot fusion mentioned above. The dotted line is the
prediction for the seriese of the Pb target experiment. The broken line indicates the
prediction for the data of Ca projectile.

Finally, a comment on the item (iii) is presented below. The future work in this
project is to reduce the uncertainty in the cross section by improving the treatment
of Pjor and Py,,. On the way of this study, as a by-product we may face with a lot
of interesting problem connected with a new reaction mechanism in the very heavy
mass region. In this sense, the present study gives a meaningful contribution to
reveal the unknown physics lying in the reaction mechanism in the superheavy mass

region.
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Fusion mechanism of deformed nuclei for heavy element synthesis
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2.11 Computer Simulation of the relaxation process after ion impacts
A4 =B LARAMBEDOY I 2 b -2 ary
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1. Introduction

We have been researching in the relaxation
process after ion impacts onto materials.
Such an intermediate process is a competing
process among various relaxation events
under a non-equilibrium situation. This
should be solved using time dependent
equations, e.g., the diffusion equation or the
equation of motion. Here we adopted the
latter, ie., we did molecular dynamic
simulation (MD), using empirical interatomic
potentials.

It is often observed that some implanted ions
agglomerates in a host material, when their
concentration exceeds a certain level. For
example the critical concentration is 1~2
atomic % for cases of Au, Ag, B, in Si [1].
The agglomeration means the phase separa-
tion which has been long discussed in alloy
physics. The criterion whether the alloy
phase would occur or not was said to rely on
the sign of the formation enthalpy[2]. This
criterion supported the almost case of ion
beam mixing|[3].

Thus far we reproduced the B agglomera
tion, with keeping the heat bath temperature
at RT[1] and also confirmed that the critical
concentration for B clustering was 2% as
was measured[4]. Nevertheless the essential
point was that only electrostatic interaction
could not explain the B agglomeration at RT.
The ion impacts were indispensable for that.

The present inquiry concerns what is the
essence of the ion impacts. Because when the
calculation was done at RT, it was not clear
that thermal or athermal events took place.

2. MD Simulation

The experiment was done using 35keV B

with a fluence of 3x10'6~1x10'7/cm? at
RT. The target was not heated more than 50
deg than RT. If the enthalpy rule is
considered, strong electrostatic interaction
should exert only between B ions, even
farther than 10A away. This was a strong
enough reason to study the subject using
MDI1].

The whole area where kinetic or dynamic
disturbance occurred was too wide for MD
simulation. Moreover the agglomeration
will take place only close to the depth of the
mean projected range, 1300A. Therefore we
took advantage of a Monte Calro (MC)
simulation that analyzed the atomic colli-
sions over the whole area. Based on the
results of the MC, we started MD[1], in
order to study the relaxation process. This
was a new way to connect MC with MD.

The temperature of the heat-bath was taken
down to 10K, to suppress the thermal effect
as much as possible. The transient temper-
ature after an ion impact and the elapsed
time for cooling was calculated.

The intermediate information of atomic
locations gave us the behavior of defects.
We extract three kinds of defect informa-
tion. The macroscopic view is obtained by
the pixel mapping of entire atoms. The
microscopic view is obtained by the radial
distribution function of each atom. The
mesoscopic view is obtained by the cluster-
size distribution of agglomerating atoms[1].
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2. Methods of Defect Analysis

The damage will proceed along ion impacts.
The degree is determined by the number of
ions, in addition to the incident energy,
incident direction, and incident position.

When estimating the reasonable number of
the ion impacts using the MC result, the B
implantation of 10'7/cm? roughly corres-
ponds to the entering of 150 projectiles into
our MD box. Therefore the maximum
number of projectiles was less than 200.
Then we looked at the time line of the growth
of defects, paying attention to when and how
the change happened, continuously or dras-
tically, by means of the three different views
mentioned below.

2-1. Macroscopic view of defects:
Pixel mapping

We propose a new method of the pixel
mapping to analyze the defect formation in
crystalline target [5]. This accounts for all
the atoms in a crystalline MD cell and gives
a Mmacroscopic viewpoint.

In a crystal, stable and metastable sites exist
besides various unstable sites. A Si crystal
has a diamond structure, which is composed
of two fcc-crystals. All lattice points are
stable sites. When the crystal is perfect, the
numbers of occupied sites for these two
lattices are equivalent. When dividing one
cubic unit of a perfect diamond structure into
4x4x4 pixels, each atom is located in a pixel,
and no pixel contains more than two atoms.
All other pixels are classified into metastable
and unstable sites.

2-2. Microscopic view of defects:
Radial distribution function

The Tersoff potential for Si-Si interaction is
truncated at 3A, whereas both B-B and B-Si
potentials at 6A. Therefore the radial
distribution function of atoms are taken up
to 5A for cases; Si-Si, Si-B, B-B, and B-Si.
These reveal the microscopic map of atomic
locations.

The radial distribution function, g(r), gives
us different information for atomic combi-
nations. The Si-Si combination shows how
strong the damage of host crystal is. The B-
S1 (or Si-B) implies how impurity ions are
well accommodated, and the B-B how well
the clustering proceeds.

2-3. Mesoscopic view of defects:
Cluster distribution

The critical concentration of B ions for
clustering in Si was 2%[4]. This implies that
two B ions separated by more than 10A
cohered on average. This event resembles
the fluctuation accumulation that triggers the
phase transition.

In the case of (c), 100 B ions with kinetic
energy below lkeV were implanted into the
MD box, and 42 B ions were trapped inside.

3. Results:

We had observed how the agglomeration
process progressed according to ion impacts
[1]. Therefore the defect analysis focused
mainly in the method 2-1) and 2-3).The
following Table shows the influence of ion
impact by means of pixel mapping at RT.

Si-stable, metastable Bi-stablc, metastable

Si-unstable B-unstable total

MO MOJTO]]IM] O

W@ |lo|o] ay || a |©y|atoms

(@ | 864 | 864 | O 0 0 0 0 0

0 0 0 0 0 0 0| 0 ]1728

(b)] 861 | 863 O 0 0 0 227 27

0 0 1 1 0 0 2 0 1779

©} 13711071241 107] O 4 1 4

308 | 348 | 329 268 | 7 8 8 | 101770

Table 1 Pixel mapping of Si:B : (a): perfect Si, (b): Si with 2.5% B is thermalized, (c): Si with 2.5% B produced by ion
implantation. Primes denote "off-site of" corresponding site with the same label.
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3-1. Initial stage of defect formation

The following Fig.1 shows the initial stage
showing the change in atomic locations due
to the violent ion impacts. In this case,
metastable interstitial site (O) was occupied
instantaneously, after some ion impacts,
whereas the atomic location seemed almost
invariant, moreover the agglomeration proc-
ess progressed gradually.

0N[=7T & g 5

“oE s o g
: q) =Si2)]
_Analy. 2-1) -
600[ Si(1)

300F @ |
: +Si(0) |
) HEEEE66666
0 2 4 6 8 10
ion impacts

occupacion number

—~  r Analy. 2-2) 2
) - A3
1
m 4 4
72] s
g

O 6
g2
= A7
)
= y & o8
o 0 )

interatomic distance (A)

60

_-.IIIIIIIJ
45 total B

L
seoe e g, )

: 30 [ Analy. 2-3) B,
5 15 =~ B’:;A B2
Py eA s

O ’l * 1 1 ] 1 1 1
0 2 4 6 8 10

ion impacts

Fig.1 Defect analysis due to B ions with energy below
SkeV at 200K, into Si containing 3% of B initially.

3-2.Entire stage of defect formation

As is known the target temperature is the
most decisive factor to determine the
behavior of the defect. In Fig.1 we show the
case of 200K. At a much lower temperature,
e.g. at 10K, the recovery of defects occurs
very rarely. Once defects were formed they
did not change. This is commonly observed
in three kinds of analysis. On the other hand
at a higher temperature, e.g., at RT, some
defects returned to the original state, thus
reset mechanism seemed to have worked,
whereas the agglomeration process still
continued to produce larger clusters [5].

4- Conclusions:

Making use of a Molecular Dynamics simu-
lation for B ions implanted into crystalline
Si, we analyzed the intermediate process of
agglomeration associated with defect forma-
tion. When the target temperature was low
enough, defects were produced greatly at the
initial stages and permanent, whereas the
agglomeration continued to yield larger
clusters as ion impact continued. Therefore
the essential parameter to govern the ag-
glomeration process seems to be somewhat
accumulative quantity, not some invariant
quantity like temperature.
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PINNING PROPERTIES OF QMG-YBCO BULK SAMPLES
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abstract

A comparison between two different irradiation effects was accomplished
on bulk YBCO samples synthesized with the quenched melt and growth method
(QMG-YBCO) to investigate strong pinning properties. High—energy
proton-irradiation introduces small defects comparable to unit cell size
into the sample, and they act as effective pinning centers for all
temperature range in low field around 1 Tesla. No enhancement, however,
can be seen in higher field range. The defects introduced with the
irradiation reinforce the pinning properties of pre-existing pinning
centers randomly distributing in the sample. Column-like defects with
3.95GeV Xe—irradiation were introduced but the pinning properties show no
significant enhancement except higher temperature region. This indicates
that pre—existing pinning centers are strong enough than the columnar
defects. In higher field region, the contribution of columnar defects for
pinning becomes relatively large. For both irradiation cases, almost

pinning properties are determined by the pre-existing pinning centers.
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1. Introduction

For high-Tc superconductors, three different energies, such as pinning,
vortex interaction, and thermal fluctuation, are very close. And these
materials show very complicated phase diagram of mixed state. For
applications of high-Tc superconductors, it is important to know the
relation among the vortex matters and pinning centers. We investigated the

irradiation effects on pinning introducing two different pinning centers.

2. Experiments

Samples were synthesized with the quenched and melt-growth method (the
QMG-method) in Advanced Research Institute, Nippon Steel Co. They contain
Y211 small inclusions (d~1pum) up to 30 mol-%. Samples were cut into small
pieces for each irradiation. Ion irradiation with 30MeV-protons was
accomplished at the Tandem Accelerator in JAERI. The irradiation dose was
1x10" ions/cm’. Irradiation with 3.5GeV-Xe ions was also carried out at the
Ring Cyclotron Facility in RIKEN. The irradiation dose was 1x10" ions/cm’
( corresponding matching field B, = 2 T). Pinning properties, such as
magnetizations, critical current densities, long-time magnetization
decays, were measured with a commercial SQUID and a usual magnetometer (MPMS
and PPMS, Quantum Design).

3.Results and discussion

Critical current densities (Jc) after proton irradiation are enhanced for
all temperature range at around IT field region. Effective activation
energies are also enlarged around 1T[1, 2]. On the other hand, no significant
change on Jc can be observed for the Xe-irradiated sample[3]. For the
Xe—irradiated case, a curious recovery of magnetization around 60 K can
be observed on long-term magnetization decay measurements above the
matching field region. This can be considered the change of pinning host

from the inclusions to the columnar defects at that temperature range.

It is known that two empirical power—laws are valid for high-Tc
superconductors[4] ; one is the relation between the irreversibility
temperature and the irreversibility field, and the other is that between
the irreversibility field and the maximum value of the pinning force. The

former can be expressed as H, = A (1 - T,,/Tc )%, and the latter as

irr
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Fims = B H,”, where A and B are the fitting constants and o and B are
the powers obtained from the fitting. Fig. 1 shows the two power-laws above
60 K. The relations mentioned above are valid for each case, un-irradiated,
proton—irradiated and Xe—irradiated, respectively. Another empirical
relation for field dependence of the pinning force is also known as FD/
F uwx = Cb” (1-b) ®, where C is a normalized constant and b = B/ u H,,..
Combining these relations, we can derive the following formula for the
pinning force as F, = C B A® (1 - T, /Tc )*® b” (1-b)®. Using the result
of fig.1 and choosing appropriate y and 0, we can calculate the pinning
forces and compare them with the data. Fig. 2 shows the result. The agreement
is excellent except the regions around the second peak (for un-irradiated
one). For all cases, the powers of b ( field dependence below Fp-max ) are
almost 1. The powers of (1-b) are 3~4 for unirradiated and p—irradiated
case. Furthermore, agreement between measured data and fitted values are
also good enough below 60K using the same fitting parameters above 60K for
un-irradiated and proton—irradiated cases (fig.3). Parameters obtained at
higher temperature range are valid even at lower region. This suggests that
pinning properties does not change essentially for both two cases. Randomly

distributed pinning centers govern the pinning.

The sample irradiated Xe—ions shows a different property of F.. The power
of (1-b) is 2 above 60K, but it changes to almost 4 below 60K. This may
indicate that the dominant pinning host changes around this temperature.
Pinning centers change from Y211 inclusions ( dominants at lower
temperature ) to the columnar defects (dominant at higher temperature ).
This is consistent with the result of long—term decays.

Acknowledgements

The authors would like to thank to Dr. H. Teshima in Nippon Steel Co. for
preparation the QMG samples. We also thank Dr. A. Nakamura in JAERI for
our SQUID measurements. This work was supported by the MULTICORE project

organized by the Science and Technology Agency in Japan.



JAERI—Conf 2001-014

~10'

D WHT

2109: 3
[=% o 7
= 3

10%L 5

7 . NP B
1010U 10"

M OHirr (T)
(b)

Fig. 1 Two power—law relations; (a) between the irreversibility fields (H,,,)

“10°

and the irreversibility temperature (T,,), (b) between the maximum values
) and the irreversibility fields (H,,). The all data
were taken above 60 K. Symbols : solid circles (@) are for unirradiated

of pinning forces (F,

—max

case, open circles () are for proton-irradiated case, and open squares

(J) are Xe—irradiated case, respectively.
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Fig. 2 Comparison between the measured data and calculated values using the
b? (1-b) ®above 60K; (a) un—irradiated sample, (b) 30MeV

proton irradiated sample, (c) 3.5GeV Xe-irradiated sample, and

formula F=F
temperatures are 60K, 70K, 77K and 80K, respectively. Large open circles
are measured data and small solid circles are the fitting results.

The fitting parameters were taken from the results of fig. 1. The value of
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v is 1 for all cases, and § is 4 for (a) and (b), but 2 for (¢). This
indicates the pinning host is different at the temperature range for the

Xe—irradiated sample from others.

FTTTHnr oo T Iii P OTTImr T T 1 ll@ E
g B
e 1F .
SE ¢
- El:
=~ 16 o kB
ions/cm E 1x10 jons/em M a = 1x10
E 16 | T llHHll I lllHll L IIHHH l MR R B v beaagd it 1t ) ra
2, 10 10 1 1a0' 1
(M o u H M o u HT o u
(2) unirrad. (b) 30MeV p-irrad. (¢)3.5GeV Xe-irrad.

Fig.3 For (a) and (b): an extension of the fitting below 60K using with
the same parameters of fig.2, large open circles are measured data and
crosses are the fitting results at 10K, 20K, 30K, 40K, and 50K. The fittings
are good for the both. For (c): other possible fittings derived from low
temperature data (see ref.2). Large open circles are measured data and small
solid circles are the fitting results at 30K, 40K, and 50K. The power of
(I-b) changes from 2 above 60K to 4 below 60K. This indicates that pinning

properties change below and above 60K due to the change of pinning hosts.
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Synthesis and Chemical properties of Endohedral Actinoids Metallofullerenes

Keisuke Sueki

Graduate School of Science, Tokyo Metropolitan University

Light actinoids, Th, Pa, U, Np and Am, have been successfully encapsulated in the fullerenes using the arc-
discharge method and their chemical characterization were isolated. The chemical species, U@Cs, and
Th@C,,, were identified by TOF/MS measurements for their mass. From the similarity of HPLC elution
behaviors and UV/vis/NIR absorption spectrum, the electronic state of U@C,, is estimated to be U*@Cy,",
which is similar to that of Ce@C,,. The electronic state of the main species of Np and Am was suggested to
be M@C,, from the HPLC elution behaviors. From, and the, It is also suggested that the main species of
protactinium is Pa@C,, because the retention time of main species of protactinium had same that of Th@C,,

Keywords: Actinoid, Metallofullerene, HPLC, TOF/MS, UV/is/NIR, XANES
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215 Nuclear Chemistry Study of Transactinide
Elements in JAERI *

Y. Nagame, M. Asai, H. Haba, K. Tsukada, S. Goto, M. Sakama'
I. Nishinaka and S. Ichikawa
Advanced Science Research Center, Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki 319-1195, Japan

Nuclear chemistry study of transactinide elements in JAERI is currently being per-
formed at the JAERI tandem accelerator facility. Recently, the transactinide nuclei 26! Rf
and 262Db have been successfully produced for the first time in Japan via the reactions
of 22Cm('80,5n) and 2*4Cm(*°F,5n), respectively. In this report, the present status of
nuclear chemistry studies of transactinides in JAERI is briefly summarized.

Studies of chemical properties of the transactinide elements - starting with element
104 (Rf) - offer the unique opportunity to obtain information about trends in the Periodic
Table at the limits of nuclear stability and to assess the magnitude of the influence of
relativistic effects on chemical properties. According to the calculations of the electron
configurations of the transactinide elements, it is predicted that sudden changes in the
structure of electron shells may appear due to the relativistic effects which originate from
the increasing strong Coulomb field of the highly charged atomic nucleus.

Thus, it is expected that the transactinide elements show a drastic rearrangement of
electrons in their atomic ground states and as the electron configuration is responsible
for the chemical behavior of the element, such relativistic effects can lead to surprising
chemical properties. Increasing deviations from the periodicity of chemical properties
based on extrapolation from lighter homologues in the Periodic Table are predicted. The
main objective of the present group is to explore experimentally the influence of the
relativistic effects on the electron shell structure by studying the chemical properties of the
transactinide elements. The comparison studies of such fundamental chemical properties
as the most stable oxidation states, complex ability and ionic radii with those of lighter
homologues, and with results of relativistic molecular orbital calculations are invaluable
in evaluating the role of the relativistic effects.

The transactinide elements must be produced by bombarding heavy radioactive ac-
tinide targets with high-intensity heavy ion beams and must be identified by the measure-
ment of their decay or that of their known daughter nuclei with unambiguous detection
techniques. Detailed studies of nuclear decay properties of transactinide nuclides are also
the important subject.

*In collaboration with Niigata University, Osaka University, Tokyo Metropolitan University,
Gesellschaft fiir Schwerionenforschung (GSI), Mainz University, Paul Scherrer Institut (PSI) and Bern
University "

tPermanent address: Department of Radiological Technology, Tokushima University, Tokushima 770-
8509, Japan
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Since 1998, we have developed some experimental apparatus for the transactinide nu-
clear chemistry study, i.e. a beam-line safety system for the usage of the gas-jet coupled
radioactive 2#8Cm target chamber, a rotating wheel catcher apparatus for the measure-
ment of the o and SF decays of the transactinides and an automated rapid chemical
separation apparatus based on the high performance liquid chromatography.

Quite recently, we have successfully produced the transactinides, 2! Rf and 262Db, by
using the **Cm(*®0,5n) and ***Cm('°F,5n) reactions, respectively. Figure 1 shows the
schematic of the experiment for the production and identification of 26! Rf and %62Db: the
target chamber coupled to the gas-jet transport and the rotating wheel catcher apparatus.
The #8Cm target of 590 pg/cm? thickness was bombarded by the 20 and '°F beams with
the intensity of 200-300 pnA. The recoiling products were stopped in He gas, attached to a
KCl aerosol, and were continuously transported through a Teflon capillary to the rotating
wheel catcher apparatus. The transported nuclei were deposited on polypropylene foils
of 240 pug/cm? thickness and 20 mm diameter at the periphery of an 80-position stainless
steel wheel of 80 cm diameter. The wheel was stepped at 30 s time intervals to position
the foils between six pairs of Si PIN photodiode detectors. The details of the experimental
procedures are described elsewhere [1].

The sum of a-particle spectra measured in the six top detectors in a 3.9 h irradiation
for the production of ?'Rf is shown in Fig. 2(a). In the o energy range of 8.12-8.36
MeV, a lines from 78-s ?62Rf (8.28 MeV) and its daughter 26-s >’No (8.22, 8.27, 8.32
MeV) are clearly shown. No contributions from other nuclides in this energy window
are observed, although there exit several a lines originating from the Pb impurities in
the 2Cm target. A total of 98 events in the singles measurement and 28 a-a correlation
events were registered. The production cross section of 2! Rf in this reaction was evaluated
to be about 6 nb at the 20 energy of 99 MeV.

Figure 2(b) shows the sum of a-particle spectra for the production of 22Db in the 100
MeV '*F-induced reaction of 2*Cm. From the mother-daughter correlation of a-energies
between 2®2Db-mother and 2*®Lr-daughter, the cross section of this reaction was about 1
nb.

Because of the short half-lives and the low production rate of the transactinides, each
atom produced decays before a new atom is synthesized. This means that any chemistry
to be performed must be done on an atom-at-a-time basis. Therefore rapid, very efficient
and selective chemical procedures are indispensable to isolate the desired transactinides.

We have developed the gas-jet coupled automated chemical separation apparatus to
perform rapid, repetitive and high performance liquid chromatography separations on
the second time scale. It is equipped with two magazines, each containing twenty micro-
columns (1.6 mm in diameter and 8 mm long). A series of chromatographic pumps, valves,
mechanical sliders, and micro-columns are all controlled by a personal computer. The
performance is almost the same as that of ARCA developed by the GSI-Mainz group [2].
On-line ion exchange experiments with the above apparatus have been carried out using
the Rf homologues Zr and Hf produced via the #Y(p,n)®*™Zr and '%2Gd(*#0,2n)'6515"Hf
reactions. The first experiment on the Rf chemistry based on the ion exchange behavior
has been conducted in the beginning of 2001. The data analysis is now in progress, the
results will be soon appeared.

We wish to acknowledge the crew of the JAERI tandem accelerator for providing the
stable and intense '*0 and '°F beams. This work was supported in part by the JAERI-
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University Collaboration Research Project and the Program on the Scientific Cooperation
between JAERI and GSI in Research and Development in the Field of Ion Beam Appli-
cation.
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Linac for Short-Lived Nuclei at Tandem Facility

FrHEE, FEBR, (AP, ME¥EZ, RERL, EREA
S. Arai, Y. Arakaki, K. Niki, M. Okada, Y. Takeda and M. Tomizawa

B TRV — NE AR ST

High Energy Accelerator Research Organization
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322 Effects of nuclear deformation on fusion probability

in the reactions of Ge+1Nd and 82Se+"*Ce
(6Ge+10Nd & #2Se+"Ce NDMARMEOMEICLIRFHROELDR)

K. Nishio!, H. Ikezoe!, S. Mitsuoka!, J. Lu?, K. Satou!
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1. Advanced Science Research Center, Japan Atomic Energy Research Institute
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Synthesis of a super-heavy element (SHE) is one of the important topics in nuclear
physics because it gives an insight into the shell-stabilization in the vicinity of the double
magic nucleus of Z=114 and N=184, without which such a heavy nucleus cannot exist due
to the overwhelming repulsive Coulomb force. Two types of fusions, ’hot fusion’ and "cold
fusion’, have been investigated so far as a possible way of synthesizing the super heavy
element. Another approach implied by the theory is the 'Gentle fusion’ [1] or 'Hugging
fusion’ [2], by using deformed nuclei. When prqjectile collides with a well deformed target
nucleus with their symmetry axis being orthogonal, which is the most compact configuration
at touching, this specific configuration would presumably result in higher fusion probability
than any other touching configuration.

In order to investigate the effects of nuclear deformation on fusion process for the
heavy systems (Z,Z, >1800), we measured the evaporation residue (ER) cross sections
of 82Se+"*tCe and 76Ge+'5°Nd as a direct evidence of complete fusion [3][4], and the excita-
tion function of the fusion probability was obtained. The former system represents fusion of
two spherical nuclei (Z; Z,=1972), the latter fusion involving the prolately deformed target
150Nd (Z,2,=1920) and has the similar Z;Z, value to 82Ge412tCe, We also measured the
ER cross sections and fission cross sections for the reaction 2Si+!%Pt leading to 22U. This
is the light system with Z;Z,=1092, and thus we expect no fusion hindrance. Fusion cross
section, which is approximated to the fission cross section, and the ER cross sections for
28Gi4-198P¢ allowed us to determine parameters entering in the statistical model calculation,
which gives the survival probability of the highly excited neutron deficient uranium isotopes.

Measurement of evaporation residue cross sections was made by using 2Si, *Se and
6Ge beam supplied by the JAERI-tandem booster accelerator. The targets were made by
sputtering the enriched isotopes on aluminum foil. The evaporation residues emitted in
beam direction were separated in flight from the primary beam by the JAERI recoil mass
separater, and implanted into a silicon detector. Since the evaporation residues produced
in the present reaction are a decaying nuclei, the evaporation channels could be identified
by observing a-decay energies and life-times.

Evaporation residue (ER) cross sections for "*Ge+'*'Nd and %2Se+"**Ce are shown in
Fig.1 and Fig.2, respectively, as a function of c.m. ‘energy (Ec.m.). By using the experimental

"ER cross sections, we obtained the fusion probability weighted by the angular momentum !
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from ' B
Zc Uer,c( c.m.) (1)

T X2 (2l + 1) ¥ Were(Bem. + Q, 1)

which involves in the numerator the sum of the measured evaporation residue cross section
Oer,c OVer the available channel c. The survival probability against fission for the specific
evaporation channel ¢, we, is a function of the excitation energy E. ., + Q(reaction Q-
value) and the angular momentum. This was calculated by the statistical model calculation
(HIVAP code [5]) using parameters which can reproduce the ER cross sections for 2Si+19Pt,
The results for Py for ®Ge+'Nd and #2Se+"2*Ce are shown in Fig.3 as a function of E,
normalized to the Coulomb barrier Vs, which is determined by assuming the intercting
nuclei to be spherical. We also show in this figure Py, for 26Si+19%Pt.

Below E¢ . /Vs = 1.1, the Py 32Se+"2*Ce sharply decreases with lowering the bombard-
ing energy, showing a fusion hindrance in the form of extra-extra-push energy of 27+5 MeV.
By assuming Py, for #2Se+"2*Ce to follow the solid curve in Fig.3, we obtain the ER cross
sections shown in Fig.2 by the thick solid curve. This can be compared to the cross section
assuimg no fusion hindrance for this system, shown by the thick dashed curve.

For "Ge-+'""Nd, there is no fusion hindrance at and above the Coulomb barrier (see
Fig.3), and the excitation function of fusion probability is similar to the light system of
%88i+'%Pt in E, . > Va. Because of the deformation of %°Nd (6, B3)=(0.358,0.107), the
Ecm. is constant within 5 MeV for 6.y >50° and is close to Vz (209 MeV). The nearly
constant Py =1 above V3 shows that there is no fusion hindrance in