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Low Energy D+D Reactionsin Metal

J. Kasagi
Laboratory of Nuclear Science, Tohoku University
Mikamine, Taihaku-ku, Sendai 982

D+D reactions in various metals were investigated for the deuteron bombardment with
bombarding energies at around 150 keV and below 15 keV. Energetic protons and a-particles
which can never be attained in the D+D reaction were observed in bombardments with higher
energy deuterons. In order to explain the spectra, reaction processes in which three deuterons
areinvolved are considered; sequential reaction and simultaneous three-body reaction. The
sequential reaction can well explain the observed bump structure, and the three-body reaction
can reproduce the continuum spectral shape of protons and a-particles, athough an
anomalously large enhancement factor is required. For the lower energy bombardment, thick
target yields for the D+D reactionsin Ti were measured down to 4.7 keV. They were well
explained with the astrophysical S-factors deduced from gas target measurements. This
indicates that the effect of the environment is not so much different for the deuteronsin Ti
and in gas phase.

1. Introduction

The effect of the electron environment on the nuclear phenomena has been investigated for
many years.1 For the nuclear decay processes accompanying the change of bound electrons, such
as electron captures and internal conversions, it is shown that any change in the configuration of
the outer electronic shells modifies the electron density near the nucleus, and hence causes the
change in the transition rate, although the observed change is very small. So-called cold fusion?
has roused attention more generally on the influence of the environment where the nuclear
processes take place. Although most of the experiments reported that time were known to be
difficult to reproduce and hence to be under suspicion, the influence of the environment in
various nuclear processes is one of the interesting subjects to be studied more, because of its
interdisciplinary nature involving nuclear physics, condensed matter physics, material science,
and so on. In addition, one can develop its applicationsin various fields if the environment really
does affect the nuclear processes very strongly.

Nuclear reactions at very low energies are naturally considered to be affected by the
environment, since surrounding el ectrons contribute to the effective Coulomb interaction
between the projectile and target nuclel. Actually, recently reported experiments showed the
innegligi ble effect caused by the bound electronsin low energy reactions with solid or gas
targets.” One might expect much stronger effects than caused by bound electrons when the
nucleus is embedded in different materials.” Ichimaru et a.” calculated the effective static
potential for hydrogen in Ti and Pd, and showed the stronger screening effect together with the
density effect. However, low energy reactionsin such conditions have not been studied, so far.

We have started to perform two series of experiments on bombardments of low energy
deuterons on various metals, in order to see how the low energy deuterons react with implanted
deuteronsin metal. One series employed relatively high energy deuterons (around 150 keV), and



aimed to search for reactions other than the D+D reaction. The other aimed to measure the
reaction rates of the D+D reaction in meta at very low energies. In this paper, we report on the
results of these experiments obtained up to the present and describe our future plans.

2. 150-keV deuteron bombardment on various metals

The experiments with 150-keV deuterons were carried out by using a Cockcroft-Walton
accelerator at the Department of Chemistry at Tohoku University. As the experiments with
deuterated Ti were reported in ref. 6 and ref. 7 in detail, only results are shown here.

2-1 High energy charged particle spectrum

Very energetic particles were observed in the bombardment of 150 keV deuterons on TiDy
(x=1.2). In Fig. 1(a) is shown such a spectrum measured at 135° with a15-pm thick Al absorber.
A huge peak appearing at about 2.45 MeV is attributed to protons emitted in the D(d,p) T
reaction. Events due to double and triple pileups of the protons are distributed up to about 4.9
and 7.4 MeV, respectively, where sharp edges are clearly seen in the spectrum. In addition to
these normal events, eventsup to 17 MeV are also seen. They are neither pileups nor events
produced by the protons in the detector as proved by Fig. 1(b) which shows the spectrum
measured with a 200-pm thick Al foil stopping the 2.75-MeV protons. As seen, the huge proton
peak and the pileups disappear, but the high-energy structure remains, and the amount of its
reduced energy clearly indicates that these high energy particles are protons emitted in the target.

The characteristics of the high energy proton structure are these: a broad bump ranging from
12.5t0 16.5 MeV, asharp pesk at 14.1 MeV, and a continuum up to ~ 17 MeV where the bump
and the peak are superimposed.
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Fig. 1. Charged particle spectra obtained in the 150-keV deuteron bombardment on TiDyat 135°; (a)
measur ed with a 15-umthick Al absorber and (b) with a 200-um thick Al absorber. The energy scale
represents ener gy of charged particles after passing through the absorber.

2-2 Anomal ous concentration of He

The sharp peak at 14.1 MeV in Fig. 1 was interpreted as protons emitted in the 3He(d,p)“He
(Q=18.35MeV) reaction. The observed peak just follows the kinematical prediction as shown
in Fig. 2, where open circles show measured energies of the peak detected at angles of 90°, 110°
and 135°, and a solid line shows the kinematical calculation for the*He(d,p)*He reaction with
Es=150 keV. Thisinterpretation requires an anomal ous concentration of *Hein the target before
the bombardment began as discussed in ref. 6. Unfortunately, the reproducibility of appearance
of the peak is quite low so that we have had only four cases which show the peak clearly, out of
more than 100 bombardments on various TiD,. Thus, a systematic study of the peak is very
difficult. Nevertheless, during experimentsin July 1993, we had a chance to see the sharp peak,
again, and to investigate the region where ®*He atoms are concentrated. Fi g. 3 shows the quantity
of the ®He atoms, which is proportional to the yield of the peak measured at various positions of
the TiDx. As seen, the *He atoms are heavily concentrated in a very narrow region; each position
in Fig. 3 differsonly 3 mm. Moreover, they seem to be concentrated on the surface area, because
the yields measured after scraping off the surface of the TiD, are much smaller than those
obtained for surface positions; open circles are data for the surface positions and open squares
are those after scraping off.
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Fig. 2. Energy of the sharp peak observed in the 150-keV deuteron bombardment on TiDy ver sus detected
angle. The solid line isthe kinematical calculation for the *He(d,p)*Hereaction at E4 = 150 keV.

ROr——T—T1T 717 T 1T T T T T ]
:O : %He concentration i
] L in TiD, Plate -
X 15 7
g i i
o
o - -
“ B .
10 ]
™ | -
2 C @ surface ]
0 5t —
2 -

§ [ .’ @\m\ )
=) T ~ _ @ layer1 R
At I SR TR SR ey BN AN N

0 1 2 3 4 5 6 7 8 g9 10

POSITION

Fig. 3. Position dependence of the anomalous concentration of *Hein TiDx. The number of *He atomsis
deduced from theyield of the peak from the®He(d,p)*He reaction by changing the position of the

bombardment on TiDy. Open circles are data for the surface of TiDxand open squares ar e those after
scraping off.

2-3 Continuum protons and a-particles

The bump and the continuum in Fig. 1 always appear in any measurements on TiD, aslong as
x> 1.2. In Fig. 4, high energy part of the proton spectra, measured at 110°, 135° and 155° are
shown. Since the spectrain Fig. 4 were obtained with different targets from the onein Fig. 1,
they do not show the sharp peak at 14.1 MeV, but do show the bump and continuum; itsline
shape and the maximum energy depends; on the detection angle.



In the subsequent measurements with a counter telescope, continuum energy a-particles were
also observed. Fig. 5 shows a scatter plot of AE vs. E measured at 135° in the bombardment on
TiDx. Protons from the D(d,p)T reaction as well as their pileups are seen as a heavy locus,
although the low energy part of AE is cut. In addition, a broad locus consisting of several tens of
events are observed at larger AE, and which was actually assigned to be a-particles based on the
observed energy loss. Energy spectra of thea-particles at 135° and 155° were deduced by setting
a banana gate on the two-dimensional spectra. These spectra are shown with open circlesin Fig.
6. As shown, a-particles are observed up to ~ 6.5 MeV (those with energy lower than 4.5 MeV
were stopped in the AE detector).

In order to check the possibility that the a-particles are emitted in the secondary reactions
induced by any materials in the target with the products of the primary D+D reactions, we have
irradiated the target directly with neutrons, protons and *He particles and measured the charged
particles. For neutron radiation, we used the same setup as the a-particle measurement. Another
2-mm thick TiDx plate was placed between the primary target and the detector. In this way,
neutrons from the D+D reaction can irradiate the other target. No a-particles were observed for
the irradiation with neutron dose of 10 times more than the experimental condition. The TiDx
target were directly bombarded with 3.3 MeV proton and 1.5 MeV *He beam obtained from a
Van de Graaff accelerator at Tokyo Institute of Technology. The irradiated dose was more than
100 times of that of the products of the D+D reaction. Again, no a-particles were observed.
Thus, the a-particle production rate due to the secondary reactions induced by neutrons, protons
and *He-particlesisless than 107 of the reaction rate of the D+D reaction, i.e., at |east one order
of magnitude smaller than observed.
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Fig. 4. High energy proton spectra measured at (a) 110°, (b) 135° and (c¢) 155°. Solid linesrepresent available
phase spaces of protons emitted in the three-body reaction. Dashed lines arethe calculated spectral shapes of
protons emitted in the sequential reaction and are superimposed on the solid lines.



n
o
o
o

1500

1000

AE (channel number)
()]
3

0 500 1000 1500 2000
E (channel number)

Fig. 5. Scatter plot of E vsAE, measured in the 150-keV deuteron bombardment on TiD, at 135°. A broad
locus at higher AE region isdueto a-particles.
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Fig. 6. Alpha-particle spectra measured at (a) 135° and (b) 155°. Solid linesrepresent available phase spaces
of a-particlesemitted in thethree-body reaction. Dotted lines are the calculated spectral shapes of a-particles
emitted in the sequential reaction.

2-4 Sequential reaction involving three deuterons

For the broad bump observed between 12 and 16 MeV in Fig. 4, protons are interpreted to be
emitted in the D(He,p)*He reaction (Q = 18.35 MeV) which sequentially occurs following the
primary D(d,’He)n reaction. In this case the *He particle ejected in the primary reaction reacts
with deuterons at rest in the target. However, the protons emitted in the secondary reaction
cannot form a sharp pesk, because of the spread of energy and direction of the®He. In order to
verify this situation quantitatively, the spectral shape of the protons has been calculated for the
sequential reaction. An excitation function of the cross section and angular distributions of the
primary D(d,3He)n reaction for Ed < 150 keV were taken from ref. 8. Angular distributions of
the secondary D(3He,p)4He reaction were assumed to be isotropic in the CM frame for E3ne < 1-
33 MeV (the maximum energy for the secondary reaction), and cross sections were estimated



from the differential cross sections’ and S-factors®. Values of deuteron and *He energy lossin Ti
were taken from ref. 10.

In Fig. 4, spectrameasured at 110°, 135° and 155° are compared with the calculations. Dashed
linesin the figure are the calculated spectral shapes superimposed on the assumed continuum
(discussed later) drawn with solid lines. As seen, the calculation reproduces the experimental
shapesvery well for each angle. Since the production rate of *He is proportional to the density of
deuterons which are also the targets of the secondary reaction, the reaction rate of the sequential
reaction is proportional to the square of the deuteron density in Ti. In order to reproduce the ratio
of the yield of the bump to that of the peak of the D(d,p)T reaction (order of 10°), the required
D/Ti ratio at the beam spot is more than 1.2. This explains why the bump was not easily seen for
the targets with small D/Ti ratio (< 0.6).

2-5 Anomalous protons and a-particles

The fact that protons are observed with energiesup to ~ 17 MeV, asclearly seenin Fig. 4, is
really anomalous. As already mentioned, none of the secondary reactions with neutron, triton or
*He can produce such high energy protons. The yield of the continuum part shown with solid
linesin Fig. 4 is about 10°° of that of the protons from the D(d,p)t reaction.

Alpha-particle emission in the bombardment is quite anomalous, aswell. As shown in Fig. 6,
the yield of the a-particles is quite small, again, about 10° of that of the protons produced in the
D(d,p)T reaction. The spectral shape of emitted a-particlesin the sequential reactionsin which
the D(*He,a))p and the D(t,a)n reaction follows the D(d,*He)n and the D(d,t)p reaction was
calculated using the same program used to cal cul ate the proton spectrum. The result also gave a
bump in the a-particle spectrum. In this case, however, the expected bump liesin alower energy
region than observed, as shown with dotted linesin Fig. 6. Thus, the observed o-particles are not
explained as the products of the sequential reactions involving another deuteron in the target.

The anomalous protons and a-particles were a so observed in the deuteron bombardments on
other metals. We have obtained such spectra for the bombardements on Au, Pd and Zr, aswell as
Ti. In Fig. 7 and 8 shown are the proton spectrum and AE-E plot measured in the Zr
bombardment, respectively. In both spectra, the same structures are clearly seen as shown in Fig.
1 and Fig. 5. Therefore, the emissions of continuous protons up to 17 MeV and a-particles up to
6.5 MeV, that cannot be explained by the conceivable reactions, are common features for the low
energy deuteron bombardments on metals.
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Fig. 7. Charged particle spectra obtained in the 130-keV deuteron bombardment on Zr at 135°.
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Fig. 8. Scatter plot of E vs AE, measured in the 130-keV deuteron bombardment on Zr at 135°.

2-6 Possibility of the simultaneous three-body D+ D+ D reaction

We have inferred, that the anomal ous energetic protons and a-particles are attributed to a
common origin. Of particular interest is the fact that the observed maximum energies up to
which the anomal ous particles are emitted are always larger than possible from the sequential
reaction. Thus, we have speculated that the protons and a-particles are emitted in the reaction
where the bombarded deuteron reacts with two deuterons in the target, without forming a real
intermediate state. The incident deuteron first interacts with a deuteronto form avirtual
intermediate state, which subsequently interacts with another deuteron and produces neutron,
proton and a-particle. In this case, the available energy is shared with the three particlesin the
fina state; the maximum energy of each particle can be larger than that of the sequential
reaction.



Based on this very naive picture, we have calculated the phase spaces of protons and -
particles being available in the D+D+D—p+n+ a reaction (Q = 21 62 MeV). in the calculation,
we assumed that the 150-keV deuteron reacts with two deuterons whose center of massis at rest.
The results of the calculation are drawn with solid linesin Fig. 4 and Fig. 6. Since the calculation
depends only on the kinematical factor, yields are normalized with the data. As seen, the
calculation explains both spectra very well; i.e., the maximum energies and their spectral shapes.
Thus, the observed spectraindicate the possibility that the incident deuteron interacts with two
other deuterons to produce n, p and o without forming any real nuclear state in an intermediate
stage.

Theintegrated yields of the anomalous protons and o, particles are about 10°times of that of
the protons of the D(d,p) T reaction. The reaction rate of the hypothetical three-body reaction can
be factorized as Rygq = A X P(rg), where P(ro) is the probability that the two deuteronsin the
target are within a distance of ro. If the reaction proceeds only through the nuclear interaction,
then ro should be on the order of a nuclear radius, about 10 fm. In order to obtain arough value
of Ryqq, We assume that A is equal to the reaction rate of the usual D+D reaction; the bombarded
deuteron interacts with one of the deuterons of the pair and the virtual intermediate state
immediately interacts with the other deuteron, resulting in neutron, proton and a-particle in the
final state. The probability of finding the two deuterons at 1o is basically determined by the
Coulomb penetration factor. Ichimaru et a. calculated the probability in Pd and Ti, induding an
enhancement due to the many-particle processes of the screened deuterons.® The ratio of the
three-body reaction rate to the two-body one is then estimated to be order of ~10™", which is far
below the experimental ratio of 10°. Thus, various factors which are not included in the model
calculation should be considered. For example, high concentration of deuteron realized by the
continuous bombardment on highly deuterated metal would cause aflow of deuterons; the
situation cannot be a static one. In avery low energy region, the penetration factor of deuterons
might be much less than the expected one from the adiabatic approximation as shown for fusion
reactions with light nuclei.® A possibility that the second step interaction is the electromagnetic
one increases the value of rp and hence P(ro) can be much larger.

Recently, Kimet a M devel oped the formulation to treat the simultaneous three-body reactions
at low energies, and calculated the cross sections for the D+D+D reactions. The experimentd
ratio of the three- to two-body reaction, about 10, can be explained by the calculation.

3. Reaction rates of the D+D reaction in Ti

The experiments were performed with low energy deuteron beams obtained from an RF ion
source. The experimental details are reported inref. 12. Thus, we will describe only the results
here.

3-1 Thick target yield for the D+D reactions down to 4.8 keV

Due to the implanted beams, the deuterons were accumulated in TiD, metal. The stopped
deuterons do not stay at the same place, but diffuse to the surface so that the number of target
deuterons increases during the measurements. Therefore, the thick target yields of p, t and *He
measured at lower incident energies were normalized to the averaged yield at Ed = 15.4 keV
which were measured before, during and after the run at each bombarding energy.

In Fig. 9, the relative thick target yields obtained for the D(d,p)T and D(d,n)®He reactions are
plotted against the bombarding energy. Errors associated with the datain the figure include



possible sources of uncertainty; () statistics of the peaks measured for each bombarding energy,
(b) background subtraction, (c) statistics of the peaks measured at 15.4 keV for the
normalization, and (d) uncertainty of the target current measurement. Relative uncertainties of
(c) and (d) aretypically 3 ~ 5%.
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Fig. 9. Relative yields of protons and tritons (left) and *He emitted in the D+D —p+t and D+D —n+°He
reaction occurring in athick; Ti plate against the bombarding energy. The data are normalized to the one
measur ed at the bombarding energy of 15.4 keV. Thick target yields calculated with S-factors deduced from

gastarget measurementsare plotted with a solid curve for uniform distribution of the deuteronsin Ti and
with a dashed curve for the frozen distribution.

3-2 Comparison of the reaction rate with gas target measurement

The D+D reaction at low incident energies have been, studied, so far, with gastarget down to 6
keV by Krauss et a2 They deduced the astrophysical S-factors by dividing the reaction cross
sections by the Gamow factor and the incident energy. The Sfactors for the (d,p) and (d,n)
reactions were then parameterized as a function of the incident energy. They are S(E) = 52.9 +
0.019E + 0.00192E? (keV -barn), for the D(d,p)T reaction, and S(E) = 49.7 + 0.170E + 0.00212E?
(keV -barn), for the D(d,n)*He reaction. We have compared the measured thick target yields with
those cal culated with the above S-factors; i.e., with the cross sections measured with gas target.

In the present experiment, the bombarded deuterons are slowed down in the Ti metal and the
reactions can be generated at energies below the bombarding energy. The energy loss of
deuterons were calculated with the dE/dx reported in ref. 10 for every 1-nm layer and the
reaction yields were cal culated with the S-factors for the corresponding energy. Total reaction
yields are the sum of the yields of al layers. In the calculation, target deuterons are assumed to
be uniformly distributed aong the beam path. This assumption seems to be reasonabl e, because

the range of the implanted deuterons are very small and the deuterons diffuse to the surface.
However, in order to see the effect of the deuteron density distribution in Ti, we performed



another calculation with an extreme assumption, i.e., afrozen distribution in which atarget
deuteron is assumed to stay at its stopped position. In this case, the ratio of the thick target yield
at a given bombarding energy to that at Eq = 15.4 keV is calculated with the distribution
predicted with the deuteron range and its straggling. The effect of the distribution becomes larger
as the bombarding energy decreases, as shown in Fig. 8and 9 in which the results with the
uniform and the frozen distributions are plotted with solid and dotted lines, respectively. The
frozen distribution gives about 20% lower relative yield at 5 keV. The experimental data agree
very well with both calculations within error bars down to the lowest bombarding energy.

In anaive picture for the atomic target, the effect of the electron screening is approximately
estimated with an enhancement factor

F(E) = exp(k/E")/exp(k/(E+UJ"),

where k = é/hc-(mc?2) Y2, and U, is the potential energy of the electrons at the screening
distance of the target; i.e., a 0.053 nm (Ue = 27 €V) for hydrogen. In the D+D reaction with gas
target, the effect should be observed below E4 = 20 keV. The S-factors used for the compari sons
were deduced from the dataincluding at Ey = 5.96 and 13.26 keV for the (d,p) and (d,n)
reactions, respectively. Thus, the Sfactors, especialy the one for the (d,p) reaction, include the
effect of screening by the atomic electrons. The present observation that the S-factors from gas
target measurements can well explain the D+D reaction yieldsin Ti metal indicates that the
screening effect is not different so much for deuteronsin metal and in gas. Ichi mart’ proposed
the short-range screening distance to be 0.028 nm in TiD,, which gives U, = 51 eV instead of 27
eV of the atomic target. Thus the reaction rate is expected to be enhanced by about 20% at the
bombarding energy of 6 keV when the comparison is made with bare nuclel cross sections. Thus,
in the present case, where the comparisons are made with the S-factors from gas target
measurements, the expected enhancement of the reaction rate is smaller than 10%, which cannot
be distinguished within the experimental accuracy. In order to see the difference, data for much
lower incident energies are required.

4. Summary and future plans

In the 150-keV deuteron bombardment on highly deuterated Ti, we have observed energetic
protons and a-particles which cannot be emitted in the D+D reaction. They are the characteristics
of the high energy proton structure, which include a sharp peak at 14.1 MeV, a broad bump
between 12.5 and 16.5 MeV and a continuum up to 17 MeV, and continuous a-particles up to 6.5
MeV.

The sharp proton peak at 14.1 MeV was found out to be emitted in the *He(d,p)*He reaction.
The systematic study of the occurrence of this reaction was almost impossible because the
reaction seldom takes place. Nevertheless, we have found that the concentration of *He was
limited in avery narrow region on the surface of TiDx.

A bump structure at around 14 MeV seen in the proton spectrum can be well explained as
emitted in the sequential reaction involving three deuterons. The first step of the reaction isthe
D(d, *He)n reaction and the second one is the D(*He,p)*He reaction in which *He produced in the
first step reacts with another deuteron in metal. It was found that the yield of the bump depends
strongly on the deuteron density, since two deuterons in the target are involved in the reaction.

The continua of protons and a-particles up to ~17 and ~6.5 MeV, respectively, cannot be
explained as the products of the concelivable two-body nuclear reactions. The possibility of



attributing the protons and the a-particles to the three-body reaction, D+D+D—p+n+ta, iS
suggested, sinceit can explain the maximum energies and spectral shapes. However, this
possibility requires an anomalously large enhancement factor which is not understood at present.
Thus, further experimental studies are highly desirable as well as theoretical studies, although the
formulation proposed by Kim et a.* can explain the experimental yields.

Thick target yields of the D(d,p)T reaction were obtained down to 4.7 keV and those of the
D(d,n)®He reaction to 5.4 keV. They were compared with the thick target yields calculated with
the S-factors which were deduced from gas target measurements. The comparisons show that the
Sfactors can well explain the present data down to the lowest bombarding energy. This indicates
that the screening effects of deuteronsin Ti metal and in gas. are not so much different. In order
to see the difference of the screening effects, it is highly desirable to measure the reaction rate at
lower incident energies.

For further experimental studies, especially for lower energy bombardments, we have
constructed alow-energy high-intensity ion beam generator, which consists of a duoplasmatron
ion source, a beam analyzer magnet, electrostatic lenses, decelerator (accelerator) electrode and a
filter magnet for neutral beams. It was designed to produce deuteron beams from 1 keV to 100
keV with 1 mA. The machine was just installed in our laboratory, and a beam test has begun. We
will measure the reaction rate of D+D reactionsin various metals down to at least 2 keV in near
future, in order to see whether the reactions in metal isreally enhanced or not. Furthermore, p-a.
coincidence measurements are being planned in order to clarify that the high energy protons and
aparticles are really originated from the simultaneous three-body D+D+D reaction in metal.
These investigations may reveal interesting and important effects of the environment on the low
energy nuclear reactions in metal and may open up a new interdisciplinary field which involves
nuclear physics and condensed matter physics.

The author would like to thank to many collaborators at Tohoku University and at Tokyo
Institute of Technology, who have been involved in the work discussed here at various stages.
Theseinclude T. Ohtsuki, K. Ishii, M. Hiraga, K. Y oshihara, H. Y uki, and T. Sato at Tohoku
University, and T. Murakami (now at National Institute of Radiological Sciences), T. Y gima
(now at Toshiba Co. Ltd.), S. Kobayashi, M. Ogawa and K. Kawasaki at Tokyo Institute of
Technology.
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