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Preface

This issue of Research Report of Laboratory of Nuclear Science reports research activities of the
LNS performed in the 2002 academic/fiscal year (April 2002 - March 2003). Major research activities
are based on the electron accelerator complex consisting of the 300-MeV LINAC and thé 1.2-GeV STB
ring. The accelerators have altogether provided a beam time of about 1,600 hours for various
experiments through the year.

In order to use the STB ring more effectively, a new experimental hall which is called GeV 7 -ray
experimental hall was built next to the experimental hall 2. The construction started in February 2002,
and ended in August 2002. The beam could not be delivered to the experimental hall 2 in this period.
The beam was back to the hall 2 in late October, after a legal inspection on the radiation safety. Thus,
the beam time for the experimental use of this year was obliged to be much less than those of the
previous years. In the experimental hall 2, the measurements of the C(7,K° reaction were continued,
and the construction of a tagged photon beam line for the new experimental hall began. In addition, a
few experiments using low energy tagged photons were performed as well as radioactive isotope
production.

We hope that this Report will serve as a quick overview of the present LNS activities over a variety

of nuclear research fields.

Jirohta KASAGI

Director
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Cross Sections and Angular Distributions for the “Ble, e'n)’B
Reaction in the Giant Resonance Region

H. Ueno!, T. Suzuki!, T. Saito**, T. Nakagawa?', K. Kino?®, T. Nakagawa®*,
Y. Matsuura*, T. Kawamura* and M. Higuchi*

'Department of Physics, Yamagata University, Kojirakawa, Yamagata 990-8560
*Laboratory of Nuclear Science, Tohoku University, Mikamine, Taithaku-ku, Sendai 982-0826
SDepartment of Physics, Tohoku University, Aramaki, Aoba-ku, Sendai 980-8578
‘Faculty of Engineering, Tohoku Gakuin University, Chuo, Tagajo 985-8537

The cross sections and angular correlations for neutron emission to various states in the residual
nucleus, following the B(e, e'n) reaction, have been measured over the excitation energy range 18-33
MeV at the effective momentum transfer of 0.49 fm™!. In the giant resonance, neutron emission leads
predominant population of two higher excited states: (6.97 MeV 7/2™ (n5), 11.70 MeV 7/2” +12.06 MeV
3/2" (ng ). This is the first observation for neutron population of these states. The angular distributions
for each transition were fitted with Legendre polynomials. The angular distributions for n, indicate an
interference of a transition with the opposite parity to E1. The angular distributions for n; and ng; have
a peak at about 50°; they are quite different patterns from that for n,. It might reflect lower E1
amplitude comparing to other multipole ones. It was confirmed that neutron emission from the giant
resonance in °B leaves the residual nucleus °B not at the ground state but mainly at 6.97 MeV 7/2~ and
11.70 MeV 7/27+12.06 MeV 3/2~ states as predicted by shell model calculations with intermediate

coupling.

§ 1. Introduction

The giant resonance of °B was investigated using the (7, n) reaction [1-4]. Ahsan et al. [1] observed
a split E1 giant resonance region with maxima at 20.2 and 23.0 MeV as in the earlier studies [2-4]. They
interpreted it as being due to an asymmetry in analogy to the splitting of the giant resonance in
deformed nuclei. The observed giant resonance is consistent with the shell model calculations by
Gol’tsov and Goncharova [5] and Shackleton [6], but a peak predicted at ~ 11 MeV [5] was not observed.
On the other hand, data for the (7, p) reaction are few [7-9]. In our previous study [9], the giant
resonance for the odd-odd nucleus '°B has been investigated using the (e, p) and (e, d,) reactions. From

the °Ble, p) reaction, the cross sections for (7, py) and (7, p;) were obtained separately. However, cross

*Present address: Faculty of Engineering, Tohoku Gakuin University, Chuo, Tagajo 985-8537

" Present address: Toshiba Co. Shibaura 1-1-1, Minato-ku, Tokyo 105

S Present address: Research Center for Nuclear Physics, Osaka University, Mihogaoka, Ibaraki, Osaka
567-0047

* Present address: Tohoku Institute of Technology, Kasumicho, Taihaku-ku, Sendai 982-8577



sections for decay protons to the high-lying states in the residual nucleus could not be obtained because
of oxygen contamination in the thin boron target. The integrated cross section for the sum of (7, po) and
(7, py) cross sections up to 27 MeV is measured to be 6.1£0.2 MeV mb, which represents about 4.1+
0.2% of the classical sum rule value [9]. On the other hand, the integrated cross section for (7, n) up to
24.5 MeV represents 30% of the classical sum rule value [1]. The small sum rule value for (7, py,)
might arise from the missing of the transition to the high-lying states as predicted by the shell model
calculations by Gol’tsov and Goncharova [5]. In the (e, e'n) reaction, a thick target can be used and it
sets oxygen contamination free.

In this paper we report the measurements of the cross sections and angular distributions for the
108 (e, e'n)?B reaction and compare the results with those of the 1’B(7,n) and ’B( 7, p) reactions and of

the shell model calculations.

§ 2. Experimental Procedure

The °Ble, e'n) experiment was performed using the continuous electron beam from the stretcher-
booster ring at Tohoku University. A °B-enriched target (96.5%) of thickness 340 mg/cm® in the form of
a disk of compressed granular boron was bombarded with electrons of energy 200 MeV. The beam
current was 150-200 nA with an 80% duty factor. Scattered electrons were momentum analyzed at 6 .=
28° by a magnetic spectrometer, and detected using a vertical drift chamber and three layers of plastic
scintillators. The spectrometer has a solid angle of 5 msr, and a momentum resolution of 0.05% within
the accepted momentum bite of 5.3%. Neutrons emitted from the target were measured using eight
NE213 liquid scintillator neutron detectors.

These were placed in the electron scattering plane at 6, = 58°, 83°, 108°, 133°, 158°, 213", 238",
and 263° relative to the electron beam direction. Each detector was placed 85 cm from the center of the
scattering chamber allowing the neutron energy to be determined by the time-of-flight method. The
neutron detectors were shielded with lead, paraffin, and concrete, and lead collimators were placed in
front of 4-cm-thick bismuth plates to absorb scattered electrons and soft 7 -rays from the target. The
neutron detectors were calibrated using 7-rays from *Na, ¥’Cs, ®Co, and *Y sources. The Compton
edge of the Csy-ray was utilized to set the detection threshold. The neutron efficiency for the
detectors was determined using a 2*Cf source and an analytical calculation code. The details of
electronics, data acquisition, and detection efficiency are described elsewhere [10].

In order to remove 7-ray events, pulse shape discrimination (PSD) modules and the charge

comparison method were used. A typical n/ 7 discrimination is shown in Fig.1.

§ 3. Results and Discussion
3.1 Missing energy spectrum
Data has been taken for the excitation energy range of 18-33 MeV. Figure 2 shows the missing
energy spectrum for the °Ble, e'n) reaction. In the figure the energies corresponding to transitions to
the ground and excited states in °B are shown by the arrows. A peak at 8.4 MeV corresponds to the

ground-state transition, which does not have strong neutron population as seen in the (e, e'n) reaction
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Fig.2. Missing energy spectrum for the '“B(e, e 'n)°B reaction at w = 24.5 MeV and
0,=83".
for even-even light nuclei. In the spectrum, two prominent peaks are seen at approximately at 15 and
21 MeV. They correspond to the population of the 6.97 MeV 7/27 state and 11.70 MeV 7/27 +12.06 MeV
3/27 states in °B. These groups will be identified as n; and ng .
3.2 Cross section and angular correlation

The cross section magnitudes were determined by summing the yield within a range of £1.5 MeV
for each missing energy peak. The background was subtracted making use of the region in which true
events do not contribute. The resultant differential cross sections for the (e, e'ny), (e, e'ny), (e, e'ng,),
and (e, e'n,,,) reactions were obtained.

The angular correlations for these decay channels were obtained from the differential cross
sections. Angular correlations for each neutron group and total neutrons are shown in Figs.3-6 with the
best fit curves of Legendre polynomials described below.

The angular distributions for the (e, e'ny) reaction show a strong forward-backward asymmetry,
which suggests an interference of a transition with the opposite parity to E1. The angular distributions
for (e, e'ng,) is strikingly similar to ones for (e, e'n;). It suggests that the ny decay to the 7/2” state is

main in the (e, e'ng,) reaction. The angular distributions for n; and ng; have a peak at about 50°. The
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peak approaches 0° with increasing the excitation energy. The angular distributions for n; and ng, are
quite different from for n, These angular correlations were analyzed in the following way. The

theoretical cross section can be written as [11, 12]
#Bo/dQ.dw dQ,= 0y VLR, + ViR +Vip Ry cos @ o+ Vip Ry cos2 ¢ o eY)

where oy is the Mott cross section for scattering on a point nucleus, and V; are the leptonic kinematic
factors. The response functions R; contain all the nuclear structure information. Under the present
experimental conditions, namely for forward scattering (6, =28°) and low momentum transfer G =
0.57 fm™Y), the giant dipole resonance (GDR) is excited predominantly via the longitudinal interaction
(C1): the transverse component (71) and other multipoles (C2) may be weakly excited. Under these
conditions the longitudinal and transverse response functions R;, and Rp can be expressed by [C1P,
C1*C2, and |T1P. The interference terms R;y can be expressed by C1*T1 and C2*T1, and Ry by
IT1P. The present response functions are approximated by a set of third-order Legendre polynomials and

associated Legendre polynomials;

ViR, +VaRy = Ay [1+b, P, (x,) +by Py (x,) +b5 P3 ()],
VLTRLT: CQ [C]Pll (xn)+P21 (xn)+CSP31 (xn)]’
Vop Rpp= D, Py’ (xn),

%= cos 0 ,.

In making a fit to the data, the following approximations were assumed. From the Goldhaber-Teller
model (G-T model) [13], the ratio of the transverse to longitudinal strength was estimated to be 1% at E,
=10 MeV increasing to 12% at E, = 30 MeV. The transverse term was less than the C1 term, so that the

¢y, ¢s, and D, terms were neglected. Consequently, the cross section can be expressed by five terms:
PodQ, dw dQ,=A,0 v [1+b, P, () +b, P, (x,) +b5 Py (6,)] = (CJA)P, ()], ()

where Ay, by, by, b, and C, are fitting parameters.

The experimental angular correlations for each excitation energy region were fitted with Eq. (3),
and the Legendre polynomial coefficients were obtained. The 4 7 Ao, by, by, bs, and Cy/A, parameters were
obtained for the (e, e'ny), (e, e'ny), (e, e'ng,), and (e, e'ny.) reactions on '’B. The parameters 4 7 Ao, by,
by, bs, and Cy/A, for ny, n;, and ng,; neutron groups are shown in Figs.7-9, respectively. The cross section
(47 A, for total neutrons is shown in Fig.10.

A shift of the forward peak from 0° for the n; and ng; transitions is usually explained by an
interference between the longitudinal and transverse terms, namely C,/A, [14]. However, C,/A, values
for the n; and ng, transitions are small as seen in Figs.8 and 9. The shift might arise from that the
interference terms (b, and b,) are comparable or larger than an E1 amplitude (b,) comparing to b; values
for n,.

The angular coefficient b; relates to longitudinal matrix elements in the static limit of resonance

approximation [11] assuming that only EO, E1, and E2 excitations contribute. The angular coefficient b,

is expressed as [15]
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{3c12 —1—25 C2* + 3Y5 CO C2 cosb 20} @

were CO and &, represent the monopole matrix element and phase difference between E2 and EO
excitationns, respectively. The change of the sign of b, seen in the (e, e'n;) and (e, e'ng,) reactions can be
supposed to depond on a relative magnitude of C2 and/or CI from Eq. (4). In these reactions decaying to
the high spin state 1f 7/27, an E2 (E0) excitation might be enhanced comparing to the (e, e'n,) reaction.
3.3 Comparison with the photoneutron reaction
The cross section for the photoneutron reaction [1] has been transformed into the form factor by
the usual method [16], which assumes that the photoneutron cross section is completely an E1
transition. It is compared with the present data in the upper part of Fig.11. The '°B(e, e'n) cross section
agrees fairly well the '°B(7 ,n) cross section. A disagreement of the magnitude of the second peak might
be due to the missing of low energy neutrons in the (e, e'n) reaction.
3.4 Comparison with the photoproton reaction
A comparison between the °Ble, e'n) and *B(7, p,s) cross sections [9] is shown in Fig.11. The
(7, pos) cross sections are the sum of cross sections to the p, and p, transitions. It indicates a broad
peak at about 15 MeV, which is larger than the peak of the giant resonance at about 21 MeV seen in the
(e, e'n) reaction. The small cross section might reflect the missing of the transition to the high-lying

states as observed in the (e, e'n) reaction.
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Fig.11. Comparison of the cross sections. Upper part: °Ble, e'n)’B and '°B(7 ,n)°B
from Ref. [1]. Lower part: °Ble, e'p,)°Be from Ref. [9].
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3.5 Comparison with the shell model calculations

The partial and total cross sections for the photodisintegration of the nucleus are calculated in the
framework of the shell model with intermediate coupling by Gol'tsov and Goncharova [5]. The
calculated cross section for the photoproton channels are shown in Fig.12. The partial cross sections for
photoneutron channels are similar to the photoproton ones [5]. Therefore, the present data for the ny, n;,
and ng, transitions are compared with the calculations in Fig.13. In the experiment, the (e, e'ny) cross
section was observed over 24 MeV. The calculations for (e, e'n,) fail to reproduce the cross section in the
excitation energy region of 19-24 MeV. For the n; transition, a pronounced peak in the cross section was
not observed, but the magnitude of the cross section agrees well with the calculated cross section in the
tail region. For the ng, transition, the measured and calculated cross sections are consistent in the tail
of the main peak. It was confirmed that neutrons from the giant resonance in '°B have decayed mainly

not to the ground state but the high-lying states in ?B in the cross section, too.

§ 4. Summary

The cross section and angular correlations to several residual states following the °Ble, e'n)
reaction have been measured in the excitation energy region of about 18-33 MeV at the effective
momentum transfer of 0.49 fm~!. The states observed clearly to be populated are the ground (n), 6.97
MeV 7/2~ (ny) and 11.70 MeV 7/2-+12.06 MeV 3/2" (ng,) states. The cross sections for each transition

were compared with the shell model calculations. The cross section for n, was measured up to 32 MeV
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beyond the predictions. For the n; transition, a pronounced peak in the cross section was not observed,
but the measured and calculated cross sections agree well in the tail region. For the ng; transition, the
measured cross sections are consistent with calculated ones in the tail of the main peak of the
prediction. The angular distributions for n, show a strong forward-backward asymmetry, which
suggests an interference of a transition with the opposite parity to E1. The angular distributions for n;
and ng, show a peak at about 50° not at 0°. It might reflect not an interference between the longitudinal
and transverse components, but a lower E1 amplitude from an analysis of the Legendre polynomial
expansion of the angular distributions. The 'Ble, e'n) cross section was compared with ?B(7, n) cross
section. Both cross sections agree fairly well. It was confirmed that neutrons from the giant resonance
in B have decayed mainly not to the ground state but the 6.97 MeV 7/2” and 11.70 MeV 7/27 +12.06
MeV 3/2~ states in B as predicted.
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We have developed a new technique to measure the total photon absorption cross section. We found
that this method shows the possibility of quick data acquisition of the total photoabsorption cross

section. We demonstrate the measurement of the total photon absorption cross section of 2’Al.

The total nuclear photon absorption cross section is a sum of all nuclear photo-reaction channels. It
is one of the most sensitive quantity to the nuclear structure information. Ahrens et. al. [1] reported the
measurements of the total photon absorption cross sections o (E,) for Li, Be, C, O, Al, Si and Ca nuclei
from E, = 10 MeV to the meson threshold. They used bremsstrahlung photons produced by pulsed
electrons from the Mainz linear accelerator with a duty factor of 0.45X1073. A pair of Compton
spectrometers was used to count the photons before and after the absorption target. A lot of beam time
was required to achieve sufficient statistics owing to not only the low duty electron beam but also the
inefficient spectrometer system. Several small fluctuations are seen above the giant dipole resonance.
Recently, they have noticed as possibilities of the double giant resonance [2].

In this report, we show the development of a new method to measure the total photon absorption
cross section o (E,). The preliminary data for ?’Al in an energy range of E, = 40~110 MeV are
presented.

The experimental setup is shown in Fig. 1. The 140 MeV electrons from the pulsed beam stretcher
were transported to the photon tagger. Bremsstrahrung photons were produced in a gold radiator of
1/1000 radiation length. We employed a 3 cm ¢ X 15 cm lead glass Cherenkov counter to detect photons.
The recoil electrons were momentum-analyzed by a magnetic field and detected by a 64-channel tagging
counter (TC). The momentum width of each counter was 1.4 MeV. We used a 5.0 cm ¢ X12.0 cm
aluminum rod as the absorber. The rod included 5% magnesium and the specific gravity was 2.65 g/cm?®.
The absorber was mechanically putting in and out of the photon beam every 10 seconds. The timing
signals for the measurement are shown in Fig. 2. Single and coincidence counts of the tagging counters
were registered in scalers. The background was measured without the radiator and found to be

negligibly small.
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Fig.1. Layout of the photon tagging system and the setting for this experiment.
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Fig.2. Timing chart of absorber movement.

The energy of photon (E,) is defined by the energy of electron (E,) which is determined by tagging
counters as,
E ¥ = EO _Ee,

where E, is the energy of the incident electron. The tagging counters are consisted of 64-channel thin
plastic scintillators lining up on the focal plane of the tagging magnet from 0.2 E,to 0.8 E, at an interval

of 0.094 E,. The energy of the tagged photon at the ith channel becomes,
E7 = EO— (02 E0+0094 Eo(iil))

The low energy side of E, deviates from this equation because of non-uniform fringing field of the
magnet. This deviation was investigated by T. Suda using the measurement of 2H (7, ny) reaction. They

were tabulated by P. Harty [3].



15

The total photon absorption cross section 0, (E,) as a function of the photon energy E, can be

deduced from the absorption law,
N (E,)=N,(E,) exp (—n0 4 E,)),

where N and N, are the number of photons in a certain energy bin with and without the absorption,
respectively. Here, # is the number of nuclei per cm? in the absorber. The coincidence counts between
tagging counters and the Cherenkov counter were normalized by a sum of counts in each cycle with or
without the absorber. Obtained ¢, (E,) is shown in Fig. 3. The curve in the figure shows the calculated
photon absorption cross section of the atomic process. The calculation overstimates the data at high
energies.

During the measurement, the beam intensity was kept at low enough to avoid the pile-up of the
coincidence counts. However, a slight influence of the pile-up, which depends on the beam intensity, was
observed. The beam intensities measured as the sum of tagging electrons distributed from 30 kHz to
100 kHz. Because the coincidence count without absorber is about twice of that with absorber, the pile-
up of the coincidence count without and with absorber is not same. Since the 0 (E,) does not depend
much on E, at E, = 30~110 MeV, we summed N, and N for all tagging channels. The experimental
results of Ny/N divided into 7 intensities are shown in Fig. 4. The best fitted curve showed that Ny/N at
zero intensity was 2.118+(0.425X107%). The obtained value was 2.110. The correction factor for
0 i (E,) was In(2.118) /In(2.110) = 1.005, irrespective of the photon energy.
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Fig.3. Total photon absorption cross section for Al. The curve is the theoretical
prediction of the atomic process.
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Fig.4. The beam intensity dependence of Ny/N.

Absorption of photons produces electrons, positrons and secondary bremsstrahlung photons in the
absorber. These particles are detected in the Cherenkov counter. We calculated these electrons,
positrons, and photons using GEANT3. We calculated the correction factor (#) due to those processes at
11 photon energies (Fig. 5). The photon energy dependence of » was obtained with the best fitted curve
as shown in the figure.

We corrected the data in Fig. 3 for the pile-up and the mixing of the secondary bremsstrahlung. The
result is shown in Fig. 6. By subtracting the calculated atomic cross section [4], we obtained the total
nuclear photon absorption cross section as shown in Fig. 7. The magnitude of the cross section roughly
agrees with the previous measurement [1]. In the present measurement a peak is obserbed at E, = 62
MeV. This peak was also observed by Ahrens et al. [1] together with two peaks at E, = 56 MeV and E,
= 76 MeV. We did not observe the latter two peaks. We checked present ?’Al data by dividing runs into
4 sections, and the peak at E,= 62 MeV was observed in all sections. Just after the 2TAl measurement,
we measured the cross section for 2C. The peak at E,= 62 MeV was not seen in the *C data. Additional

measurements are needed to confirm the peaks.
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The (e, e'py) cross section of 2C previously measured using a 197.5 MeV continuous electron beam
is compared with theoretical calculations based on the relativistic distorted-wave impulse
approximation (RDWIA). The theoretical values overestimate the experimental ones by a factor of two.
The contribution of meson exchange current (MEC) effects is important in the high missing momentum

region.

We compared in a previous report [1] the reduced cross section obtained from the 2C(e, e'p,)
experiment with results of a non-relativistic distorted-wave impulse approximation (DWIA). In this
report, the reduced cross section is compared with theoretical calculations based on the relativistic
distorted-wave impulse approximation (RDWIA) with and without MEC effects.

Recently the (e, e'p) and (7, p) reactions have been investigated extensively in a fully relativistic
DWIA (RDWIA) framework [2-8]. The relativistic calculations for the direct knock-out (DKO)
mechanism appears to describe well measured (7, p) cross sections in light nuclei at photon energies
below 80 MeV, as well as the quasi-elastic (e, e'p) reaction. It means that the contribution of the MEC
may not be large for the (7, p) reaction in the relativistic framework. Actually, it was shown [8, 9] that
the two-body contribution corresponding to the seagull term affects the (7, p) cross section less than in
non-relativistic calculations. The choice of the electromagnetic operator is a longstanding problem [7, 8].
Usually-used current-conserving operators (ccl, cc2, cc3) are equivalent each other for on-shell particles
due to Gordon identity. However, for an off-shell nucleon, different choices of the prescriptions give very
different (7, p) cross sections.

In the plane-wave impulse approximation (PWIA) the (e, e'p) cross section can be factorized in the

*Present address: Iwanami Shoten Publishers, 2-5-5, Hitotsubashi, Chiyoda-ku, Tokyo 101-8002
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*Present address: Department of Electrical Engineering, Ichinoseki National College of Technology,
Hagiso, Ichinoseki 021-8511
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form;

d®o

d0d0,da, KOS Ente) v

Oecp=

where K is a kinematic factor, and 0. , is the off-shell electron-proton scattering cross section. In the
PWIA the spectral function S, p,) is referred as a momentum distribution of the proton in the
nucleus. From the measured coincidence cross section O ., the reduced cross section is defined by
Tee'p
0 eep (Pm) = ?0‘: @)

The reduced cross sections was obtained using the ccl current [10]. The results with cc2 or cc3
currents are not different more than 2% from that with the ccl prescription. The present data are
compared with RDWIA calculations [11]. The RDWIA treatment is the same as in Refs. [7, 8]. The
bound state wave function is calculated using parameters of the set NLSHT [12]. The relativistic bound
state wave functions are solutions of a Dirac equation with scalar and vector potentials. The
spectroscopic factor Z (p3/2 ) = 0.56 has been applied, which was obtained from the analysis [4] of the
quasi-elastic (e, e'py) reaction. As the choice of the electromagnetic operator is, to some extent, arbitrary
and no rigorous justification exists, three expressions (ccl, cc2, cc3) [7, 8, 10, 13] were used in the
calculation in order to assess the effect. Figure 1 shows the calculations compared with the present
data. The calculations overestimate the experimental data by about two times at low missing momenta.
The enhancement factor is same to the (7, py) reaction reported in Refs. [4, 6, 7]. A difference of the
calculated results using different expressions of the current operator is larger than that in PWIA [10],
and it becomes larger at high missing momenta. The measured cross section decreases a little slowly

than the calculations with increasing missing momentum.
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Fig.1. Reduced cross section of the present *C (e, e'p,) measurement, compared with
relativistic calculations including no MEC. Solid, dashed, and dotted lines
represent the RDWIA results with ccl, cc2, and cc3 prescriptions for the one-
body current, respectively.
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In Fig.2 we compare the present data with the calculated results including the two-body seagull
current [8, 14]. The calculations are multiplied by 0.5 in order to normalize them to the data at the
lowest missing momentum. Although all of three calculations overestimate the data, the slope is similar
to the data. The calculated result without the seagull term is also shown in Fig.2. It is clear that the
calculation including the seagull term is in better agreement with the data at high missing
momentums. The reduction factors for the cc2 and cc3 currents are almost same to that in the (7, p,)
reaction. In the (7, py) reaction the calculated result obtained with the ccl current is enhanced above
the data by an order of magnitude [7], while the overestimation is mild for the present (e, e'p,) reaction.
In the non-relativistic calculation for the (7, py) reaction, a substantial reduction is obtained when the
pion-in-flight diagram is added [8]. It is expected that the inclusion of the term may improve agreement

between our data and calculations.
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Fig.2. The reduced cross section compared with the RDWIA results calculated with
the seagull contribution. Solid, dashed, and dotted lines represent the RDWIA
result including the MEC, with cc1, cc2, and cc3 prescriptions for the one-body
current, respectively. A dashed-dotted line shows the RDWIA result of the cc2
prescription without the MEC. Calculations are multiplied with a factor 0.5.

Any satisfactory theoretical model should simultaneously describe the (e, e'p) reaction in both of
the quasi-elastic and low momentum transfer regions, and also (7, p) and (7, n) reactions. A consistent
analysis of these reactions will disentangle the longstanding question about reaction mechanisms. The
present investigation has firstly compared a relativistic calculation with the (e, e'p) reaction in the low
momentum transfer region. The target nucleus of the present experiment, *C, is the one on which the
RDWIA calculation overestimates the (7, py) cross section at 60 MeV by a factor of 2. Obviously,
successive investigations are needed on various nuclei such as *O and *Ca, for which the RDWIA

calculation agrees well with the experiment in the (7, p) reaction [4-9].

We wish to thank Prof. C. Giusti for providing calculations specific to the kinematic conditions of
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Li+D Reaction in Pd and Au for 30 < Eqa < 75 keV
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and W. Galster®
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Thick target yields of @ particles emitted in the ®’Li (d, @ )*°He reactions in PdLi, and AuLi, were
measured as a function of the bombarding energy between 30 and 75 keV. It was found that the reaction
rate in Pd at lower energies is enhanced strongly over the one predicted by the cross section for the
reaction with bare nuclei, but no enhancement is observed in Au. A screening energy is introduced to
reproduce the excitation function of the thick target yield for each metal. The deduced value for Pd
amounts to 1500+ 310 eV, whereas it 1s only 602150 eV for Au. The enhancement in the Pd case cannot
be explained by electron screening alone but suggests the existence of an additional and important

mechanism of screening in metal.

Recently, the screening energy of the D+ D reaction in various materials has been measured by
several authors[1-7]. Surprisingly, some metals provide anomalously large size screening effects for the
D+ D reaction, while others exhibit normal electron screening enhancement. The enhancement of the
reaction rate strongly depends on the host material, and deduced values of the screening energy vary
from several tens of eV to 800 eV. Although Riola et al. [6] have discussed several possibilities to
interpret such large screening in materials, no satisfactory explanation could be given. Yuki et al. [3] and
Kasagi et al. [7] have proposed that high fluidity of deuterons in the host may be responsible for the
enhancement.

In order to explore the mechanism of enhanced screening, we have studied other nuclear reactions
in metal hosts. In the present work, we have investigated the %Li (d, @ )*°He reactions in metal, for the
first time. Two host metals were selected in which the Li+d reactions occur, Pd and Au. The screening
energy of the D+D reaction in Pd is confirmed to be very large, although two reported values are not in
good agreement with each other; U, = 250~310 eV in Refs. [10, 14] and ~800 eV in Ref. [13]. On the
other hand, the normal value of screening obtained for the D+D reaction in Au is U, = 20~70 eV in
Refs. [10, 14] and ~60 eV in Ref. [13]. Thus, a naive and natural question is whether the Li+ D reaction
in Pd is also strongly enhanced compared to Au.

The experiments were performed using a low-energy ion beam generator [1] at the Laboratory of
Nuclear Science of Tohoku University, designed to produce deuteron beams with several 100 ¢ A from 2
to 100 keV. The target used was a foil of Pd-Li alloy, which was prepared by arc melting Pd and Li as
described in Ref. [8]. The atomic ratio Li/Pd obtained was 5~7% in a foil of 13X 13X0.3 mm®. A foil of
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Au-Li alloy was obtained from Tanaka Metal Co. Its atomic ratio Li/Au was ~10% and the size of the
foil was 20X20X1 mm?. In addition, a 2-mm thick LiF foil was bombarded to deduce the excitation
function of the "Li (d, @ )°He reaction as reference of non-metallic targets, since no measurement was
reported so far in this low energy region. During the bombardment, the target was kept at low
temperature between —80 and —70 ‘C to minimize the possible thermal diffusion of Li contained in the
target alloy from the beam spot.

In order to detect @ particles emitted in the ®7Li (d, @)**He reactions, a AE-E counter telescope
consisting of 30- and 100-#m thick Si surface barrier detectors was used. The front face of the AE
detector was covered with a 2 £ m thick Al foil to prevent electrons and scattered deuterons from hitting
the detector. The counter telescope was placed at 125° to the beam direction and subtended a solid
angle of 0.14 sr.

Figure.1(a) shows a scatter plot of AE vs. E measured during the bombardment on Auli,. Alpha
particles are identified clearly as the events on a locus between the dashed lines; events A correspond to
those from the 7Li(d, @ )°He reaction and events B are from the °Li(d, a)*He reaction. Events with AE <
400 ch were assigned as originating from the D+D reaction, in which the incident deuterons interact
with the ones implanted by the beam in the target. In Fig.1(b), the projected energy spectrum of a-
particles is shown, in which two peaks are clearly seen; one for the 6Li(d, @ )*He reaction and the other
for Li(d, @ )’He. Although the lower energy peak of the "Li(d,a)°He reaction does not possess a

symmetric shape, we simply fixed the low energy side of the gate by using the same channel number of
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the E spectra for all the measurements, indicated by a vertical line in Fig.1(a).

The target Li in the metal host was present in form of an alloy, i.e., PdLi, or AuLi, with x = 0.05~
0.10, and the number of Li atoms was found to decrease during the measurements. Thus, in the present
work, we employed a method to obtain the relative yields; the a particle yield at 75 keV was repeatedly
measured at frequent intervals to average out small fluctuations, and the yield at energy E, was divided
by the averaged yield at 75 keV measured just before and after each measurement at E;. Figure 2 shows

a -particle yields (sum yields of both channels, °Li+d and "Li+d) measured at Eq = 75 keV for the PdLi,
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and Auli, target as a function of the accumulated dose of deuteron beam. As can be seen, the yield
decreases initially and becomes stable later on. For the LiF target, the yield at E; = 75 keV was also
measured frequently, although this yield remained more or less constant.

No measurement has been reported for the Li(d, @ )°He reaction, so far. Thus, in the present work,
the thick target yields of both the Li(d, @)*He and the "Li(d, @ )°He reactions were measured using LiF
target. The purpose of this measurement was not to deduce the S-factor of the "Li(d, @ )*He reaction, but
to obtain the ratio of the a -particle yield in the gate employed in the "Li(d, @ )>He reaction to the yield
in the ®Li(d, @ )*He reaction. Figure 3 shows results of the such measurement, i.e., the relative thick
target yield for the LiF target as a function of the bombarding energy; (a) for the °Li(d,
a )*He reaction and (b) for the "Li(d, @ )°He reaction.

First, we analyze the excitation function of the ®Li(d, @ )*He reaction. Since incident deuterons slow

down in the target and the reaction can occur until the deuterons stop, the observed « -particle yield ¥
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function of the bombarding energy of deuterons.

(Ey at the bombarding energy E, is given by

Y (Ed) = (constant) X Nui [, dooti (Eem)/dQem (dQem /d Q1) (dE/dx)  dE. (1)

Here, Ny, is the number of target Li, dQ.,/dQ2,,;, is the ratio of the solid angle in the center-of-mass to
laboratory system, and dE/dx is the energy dependent stopping power for deuterons in LiF. Since the
detector is placed at 125° with respect to the beam direction, d o« (E,,)/dQ., can be replaced as
o(E,)4r. For the calculation of the relative yield Y(Ey) / Y(75 keV), Ny cancels out. The
parameterization by Anderson and Ziegler [9] is employed for the stopping power of deuterons and the
S-factor in Ref. [10] is used for the cross section of the °Li(d, @)‘He reaction. The result of this
calculation is given by the solid line in Fig.3(a). It is seen that the calculation with the standard
parameter set reproduces the experimental data reasonably well.

The relative yield for the Li(d, @ )°He reaction is then calculated in the same way using the cross
section of the ®Li+d reaction and is compared with the data. In this case, however, the calculation
indicated by the dashed line in Fig.3(b) deviates increasingly from the experimental data as the
bombarding energy decreases. We have measured the yield of the "Li(d, @ )°He reaction with a common
gate setting for all the target. Thus, an effective excitation function corresponding to the present gate
was deduced as the energy dependent yield function, G, (E) = ¢ +;(E) X(1.576—0.00712E), and have re-
calculated the thick target yield for the "Li(d, @ )’He reaction by replacing o «,;(E) with G;(E) in Eq.(1).
The result of the calculation is shown in Fig.3(b) by the solid line, which reproduces the data very well.
Thus, we have obtained the standard excitation function, corresponding to the 7Li(d, @)°He reaction
without the effect of the surroundings to be G,(E).

The results for the PdLi, and Auli, targets are shown in Fig.4: Fig.4(a) for PdLi, and Fig.4(b) for
AulLi,. The upper part of Fig.4 shows the excitation functions of the %’Li(d, @ )**He reactions relative to

the yield at E; = 75 keV. The standard calculations are carried out with Eq.(2), by using the stopping
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power parameterized in Ref. [9] for Pd and Au together with 0 «;(E) and G;(E). The results are plotted
with dotted lines in Fig.4 (the dotted line in Fig.4(b) is covered by the solid line). Relative to the dotted
line, the yield of the Li+d reaction in PdLi, is larger at the lower energies.

In the lower part of Fig.4, we plot the ratio of the experimental yields to the standard calculations
in order to make the comparison easier. As seen, the reaction rate in Pd is systematically enhanced for
both reactions. On the other hand, the deduced enhancement is negligibly small in Au and scatters
around 1.0. In order to explain the observed enhancement, thick target yields have been calculated
using the enhanced cross section with the screening energy U, as described in Ref. [1]. The value of U,
for the °Li(d, @)*He and the "Li(d, @ )°He reactions is searched for by fitting the experimental relative
yields in Fig.4. The calculations with screening energy U, are shown by the solid lines in the upper and
lower parts of Fig.4. The results obtained are U, = 1500+ 310 and 60+ 150 eV for the Li+d reactions in
Pd and Au, respectively. The errors shown are statistical errors only. The systematic errors are
considered to originate mainly from the uncertainty‘ in the bombarding energy (£25 eV) and from
fluctuations in the Li density (100 eV) in the target.

The present work shows, for the first time, that, in the metallic environment, the size of the
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screening effect in the Li+d reaction depends strongly on the metal host. The obtained value of the
screening energy in Pd is about 4 times larger than those reported in Ref. [10] for the gas target and LiF
target. In metals, the screening effect due to conduction electrons should also be considered. The
screened electrostatic potential of the nucleus with atomic number Z existing in the sea of conduction
electrons is given [11] as ¢ () = Zelr * exp(-k); k, = (6 7 enJEW'?, n. is the number density of electrons
and Ey is the Fermi energy of the electrons. The corresponding screening energy is approximated as U,
= Ze?k,. For the Li—+d reaction in Pd metal, Ey = 2.66 eV and n, = 1.97X10% em2[12], thus U, = 61 eV
is expected. The effect of the bound electron should be added, since the Li atom is considered to remain
in metal in the form of Li*. Summing up the values of the screening energy due to conduction electrons
and bound electrons, we obtain a value of about 230 eV. Even if the experimental value in Ref. [10] is
used for the bound electrons, the summed value is 410~480 eV. Therefore, the large screening energy of
~1500 eV obtained for the Li+ D reaction in Pd cannot be due to electron screening alone.

Of particular interest is the fact that the Pd metal provides a large screening effect not only for the
Li+d reaction but also for the D+D reaction (U, = 250~310 eV [3,7] and 800 eV [6]), whereas the Au
metal host does not in both cases. Thus the mechanism of enhanced screening in metal might have the
same origin in the D+D and Li+d reactions. Although the enhanced screening is not fully understood,
we have previously discussed the possibility that the large screening effect might originate from fluid
deuterons in Pd [3,7]. If the same argument is applied to both reactions, the electrostatic potential of
the nucleus with atomic number Z is also screened by mobile D" ions and by conduction electrons. In
this case, the screened potential due to D" is given as ¢ () = Ze/r * exp (+kg), where kyq = (4 7 e’ nglkpT)"?
and 7, is the deuteron density. When we use the experimental values n; = 3 X 102Yem?® [3,7] and T =
200°K, k4 = 56.5 nm ™" is deduced. This corresponds to the screening energy of ~240 eV for the Li+d
reaction, which is similar in size to the electron screening but is still not sufficient to explain the
observed screening energy. Thus, at present, we can only deduce that the enhanced screening observed
in Pd depends on the atomic number Z of the implanted target nucleus; the value for implanted Liis 1.9
~4.8 times larger than the one for implanted D, or a scaling form of Z%%71,

The present work reveals a non negligible effect of the environment surrounding the nuclei on the
cross section. Thus, low-energy nuclear reactions at energies far below the Coulomb barrier should be

explored under various conditions, experimentally as well as theoretically.
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We have measured the branching ratio of the d(d, p)°’He and d(d, p)t reactions in metal hosts for
deuteron incident energies between 3.8 and 12.0 keV. Protons, tritons, and He particles emitted in
deuteron bombardment on Be, Ti, Pd, Sm and Au foils were observed simultaneously. We have
succeeded in measuring the d+d branching ratio in several metals for the first time at such low

energies. The measured cross section ratios show a dependence on the host metal.

§ 1. Introduction

Nuclear reactions at energies far below the Coulomb barrier are affected by the environment. One
well-known effect is the screening of the Coulomb potential at large distances caused by electrons
surrounding the interacting nuclei, resulting in an enhancement of the fusion cross section.Many
authors have studied electron screening both experimentally and theoretically in order to obtain a
better understanding of the underlying mechanism.

Recently, an anomalously large enhancement of the d(d, p)t reaction rate was observed in some
metals, and large values of the screening energy U, compared to D, gas target measurements and to
theoretical predictions have been reported [1-4]. Such large values cannot be explained by a simple
electron screening model but suggest the existence of important additional mechanisms, significantly
increasing the fusion reaction rates in solids. In order to better understand this effect of the metallic
environment, it is necessary to investigate low energy nuclear reactions in metals on various sides.

In the present work, we have measured the neutron to proton branching ratio of the d+d reaction
in Be, Ti, Pd, Sm, Au at bombarding energies between 3.8 and 12 keV. As the cross section of the
reaction decreases exponentially with decreasing bombarding energy, it becomes increasingly difficult
to separate *He events in the d(d, n)*He reaction from background events due to cosmic rays at a few
tens of keV signal equivalent. Thus there are few reports on the measurement of d(d, n)*He reaction
yields in the low energy region. However, using thin Si detectors, the background could be reduced
drastically and we have succeeded in measuring the d+d branching ratio at such low energies for the

first time. In this report, the experimental technique and results are shown and the metallic

environment effect is discussed.
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§ 2. Experimental Procedure

The measurements were performed using the low-energy ion beam generator [5] at the Laboratory
of Nuclear Science of Tohoku University. A deuteron beam of 100 ¢ A intensity was collimated by two
apertures in order to fix the beam position and size. The beam spot size at the target position was about
5 mm in diameter and deuterons were implanted continuously, while the d+d reaction was measured
simultaneously.

The target host metals were commercially available high purity Be, Ti, Pd, Sm, Au foils of 100 to
250 ¢ m thickness. During the bombardments, the targets were cooled by the liquid nitrogen and target
temperature was monitored at ~120 K.

In order to simultaneously detect tritons, protons and *He emitted in the d(d, p)t and d(d, n)*He
reactions at low energies, 50-¢« m-thick Si surface barrier detectors were used. The front face of the
detector was covered with a C foil of 50 ¢ g/lcm? thickness, to prevent elastically scattered and sputtered
deuterons from hitting the detector. A negative voltage of 200 V was applied to the detector holder
(including the C foil) for suppression of secondary electrons. The detector was placed at a distance of 3
cm from the target at 116° with respect to the beam direction. The target was placed towards to the

detector at 50° with respect to the beam direction.

§ 3. Results and Discussion
3.1 Energy spectrum

Figure 1(a) shows a typical charged particle spectrum obtained at E4 = 8.0 keV. The three peaks
shown in the figure correspond to *He-particles, tritons and protons emitted in the d+d reactions in Ti,
and *He and tritons are stopped in the 50 £ m detector. However, the proton in the d(d, p)t reaction has
about 3 MeV, which is 3 times larger than the triton’s energy. The energetic proton punches through
the 50 # m detector, providing an energy loss signal of about 1 MeV, and consequently the proton peak
appears just above the triton peak in the spectrum of Fig.1(a). As we consider the proton+triton sum
yield, we are unconcerned even if the proton and triton peaks overlap. This spectrum was obtained in a
1 hour measurement, and Fig.1(b) shows the background spectrum obtained without deuteron beam
normalized to the same measuring time. In the region of the three charged particle peaks, there is no
background in the integration region. Figure 1(c) shows the spectrum after subtracting (b) from (a), and
dashed lines indicate the gates of integration for *He and proton+triton events. The systematic error in
the cross section ratio due to setting the gate positions is about 0.4 %. The peak close to channel zero is
due to detector noise plus beam related background.

Figure 2(a) shows the charged particle spectrum obtained in Ti at Eq = 3.8 keV, which is the lowest
energy in the present work. In spite of such a very low energy, the *He peak is clearly observed. It took
about 56 hours to obtain this spectrum and Fig.2 (b) shows the result of a background run without

deuteron beam, over the same measuring time. It is evident that there are very few background events.
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Fig.1. (a) Typical charged particle spectrum obtained for the d+d reaction in Ti at E,
= 8.0 keV. (b) Background spectrum for the same measuring time.
(¢) Spectrum obtained after subtracting (b) from (a). Dashed lines are event
integration gates.

Figure 2(c) is the spectrum obtained after subtracting (b) from (a), and dashed lines are event
integration gates.

The thick target yields, Yy, and Y,.,, were obtained by integrating the *He and p+t events in the
respective gates and by subtracting the time-normalized background events.

3.2 Cross section ratio

We have obtained the cross section ratio, R =0,/ 0 ,, from the measured 3He and p+t yields, where o
» and o, correspond to the d(d, n)®He and d(d, p)t reaction cross section, respectively. As the deuteron
energies in this experiment are low enough, angular distributions are expected to be isotropic [6]. Thus
the cross section ratio R is obtained after correcting the measured yield ratio 2Yy./Y, ., for the solid
angle ratio in the center-of-mass/laboratory system.

Figure 3 shows the result of cross section ratios in different metals, as a function of incident energy.
The data points are the results of a weighted average of all runs with one standard deviation error in
the incident energy range of E; < 5keV, 5 <E;<6 keV,6 < E4<7keV, ..., 11 <E3<12 keV. Dashed lines
are the results of fitting with a linear function in E,. The cross section ratio data in Ti are consistent
with those of Greife et al. [7] within the quoted errors.

3.3 Host metal dependence of cross section ratio

It is seen in Fig.3 that the cross section ratio in metals shows systematic differences, in particlular
Ti and Au data exhibit different trends from other metals. That is, the branching ratio of the d+d

reactions depends on the metallic environment, where the reactions between implanted and beam
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particles occur.

Fitting the cross section ratio data in metals with linear functions in incident energy (as shown in
Fig.3 by dashed lines), we have obtained the result that the cross section ratios in Be, Pd and Sm
exhibit the same trends, and the averaged fitting function at low energies is given by

R=0.985+2.66X10"2 E,, (1)
whereas, the ratios in Ti and Au deviate significantly with higher than 99% confidence level from the
trend described by eq. (1).

The study of muon catalyzed fusion provides a hint at how one might be able to explain this effect of
the host environment. Petitjean et al. [8] reported on branching ratio measurements of muon catalyzed
d+d reactions under different environment below room temperature. It is observed that the cross
section ratio is about 1.4 for angular momentum J = 1, and about 0.8 if / = 0. In the d+d fusion reaction
this J = 1 state corresponds to fusion with negative parity and J = 0 to fusion with positive parity. It is
conceivable that metallic environments act differently on the incoming wave function of d+d and affect
the parity before the fusion reaction takes place. Then the branching ratio varies in different metal host
materials.

We are continuing the measurement of the d +d reaction branching ratio in different host materials
to obtain a better understanding of the mechanism.

3.4 S(E) factor of d(d, n)*He reaction

The astrophysical S(E) factor of the d(d, p)t reaction at low energies has been studied by many
authors, on the other hand, there are very few reports of S(E) of the d(d, n)’He reaction at low energies,
due to the difficulty of measuring the *He yields. In the present work, we have obtained the cross section
ratio data at very low energies with high precision. Thus we can deduce the parameters for the S(E)
factor of the d(d, n)*He reaction from our data at low energy and compare to compilations, which
extracted the ratio from cross sections measured at relatively high energies.

The cross section ratio data we used for this analysis are the results of D, gas target experiments
from Krauss et al. [6] (E, = 13.3 - 325 keV) and Greife et al. [7] (Ey = 29.7 - 256 keV). As the screening
potential energy in Ti is very low, like in a gas target [1, 4], we also used the data from Greife ef al. [7]
(E;= 4.8 -26.2 keV in Ti) and our own experimental results in Ti (E; = 3.8 - 11.9 keV). Our data have
been weight averaged in energy steps of 0.5 keV. Further, we added the CD, target data from Cecil ef al.
[10] (E, = 6 - 30 keV) and fitted the experimental data using a quadratic energy dependence’

_0,E)_ S(E) _ atbE+cE’ @
(o) p(E) Sp(E) Sp(E) ’

where S,(E) and S,(E) are the astrophysical S(E) factors of the d(d, n)*He and d(d, pt reaction,

R

respectively. E indicates the energy in the center-of-mass system. The astrophysical S(E) factor is a
weakly energy dependent function proportional to the cross section. As the d(d, p)t reaction has been
studied extensively and there are much more data at low energies with good precision, compared to the

d(d, n)*He reaction, we adopted the recently reported S, (E) of Barker [11] as a known function:

S, (E)=57.8+0.0219E+1.066X10* E* (keV * b). t2)
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Fig.4. The results of fitting to the experimental branching ratios. Triangles, crosses,
squares, and circles are the data from Krauss et al. [6], Cecil et al. [10], Greife et
al. [7], and from our experiment (in Ti), respectively. The solid line indicates
the result of fitting in the present work, dashed and dotted lines are from
Bosch and Hale [9] and Krauss ef al. [6], respectively. The low energy region is
shown in linear scale.

The S,(0) = 57.8 keV-b of Barker [11] is slightly higher than the S,(0) = 56 keV‘b of the NACRE
compilation [12], which includes a fit to data at relatively high energies, Eq> 1 MeV. The S,(E) was

obtained from fitting the experimental data:
S, (E)=57.5+0.1160E+1.417X 10 E? (keV - b). @)

x2=99.7, with a number of degrees of freedom of 75.

The result is shown by the full line in Fig.4. The experimental branching ratios are plotted as a
function of deuteron incident energy. Triangles, crosses, squares, and circles are the data from Krauss et
al. [6], Cecil et al. [10], Greife et al. [7], and from our experiment (in Ti), respectively. The solid line
indicates the result of fitting in the present work, dashed and dotted lines are from Bosch and Hale [9]
and Krauss ef al. [6], respectively. The expanded low energy region of Fig.4 is shown in linear scale. The
fit of the branching ratio using our parameters reproduces the data well from 4 to 300 keV.

The accurate determination of S, (E), based on experimental data at very low energies constitutes a
significant improvement over previous data and we expect that S,(E) plays an important role in

understanding the d+d reaction in different environments at ultra-low energies.
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An experimental method for the precise measurement of the photonuclear reactions of *‘He below
the pion threshold has been tested. We used a tagged photon beam and a time projection chamber
containing helium gas, which served as an active target. It was proved that the chamber could
successfully detect the tracks of the charged particles from the photonuclear reactions in a high
radiation level due to the irradiation of a high-intensity photon beam. It was found that the background
was mainly due to the noise of the chamber, and could be suppressed by taking coincidence of the

signals from the chamber and the tagging counter.

§ 1. Introduction

The photonuclear reactions of ‘He provide important information on basic properties of the nuclear
force as well as the dynamics of few-nucleon systems. For example, the self-conjugate *He nucleus is
supposed to have a giant-dipole resonance (GDR) state with a pure 7 = 1 component at around the
excitation energy of 20~30 MeV, and the cross sections of the ‘He(7 ,p)’H and *He(7 ,n)*He reactions
should be almost equal, if there is no effect of the charge symmetry breaking (CSB) in nuclear forces.
Therefore, the precise comparison of the ‘He(7 ,p)*H cross section and the ‘He(7 ,n)*He cross section
can be used as a stringent test of the nuclear charge symmetry [1]. For that purpose the photonuclear
reactions of ‘He in the GDR energy region have been studied extensively both experimentally and
theoretically. However, the previous experimental data have been in severe discrepancy, and that has
caused a long-standing problem as described below. Namely, most of the old experimental data [2—8]
suggested the ‘He( 7 ,p)°H and “He(y ,n)*He cross sections had the maximum values of 1.5~2 mb and
1~1.5 mb near E,= 25 MeV, respectively. From those data, Calarco e al. recommended the ratio R, of
the (7 ,p) cross section to the (7 ,n) cross section of 1.7£0.2 [9], which implied an extremely large effect
of CSB. Those data were supported by a theoretical calculation based on the resonating group method
(RGM) [10]. However, later measurements of *He(v ,n)*He [11], *He(n, 7 )*He [12,13], *He(y ,p)°H [14]
and *H(p, 7 )*He [15] gave rather small cross sections of ~1.1 mb for both (7 ,p) and (7 ,n) reaction

channels, and leaded to the value of R, near unity. Those new data were supported with a new
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theoretical calculation by Unkelbach and Hofmann [16], which took into account the contributions of
meson-exchange currents (MEC) beyond Siegert's theorem by using Ohta's method [17] together with
the refined RGM. Therefore, the anomalous CSB effect seemed to be ruled out at that time. But the
problem revived with the later experiments on ‘He(7 ,p)*H [18] and *H(p, v )*He [19], which give the
cross sections as large as about 1.8 mb in the region of E, = 25~30 MeV. In addition, the total
photoabsorption cross section of 2.86+0.12 mb has been obtained at E,= 25~26 MeV from the elastic
photon scattering measurement [20]. Since the contributions from the reactions other than two-body
channels are supposed to be small enough in this energy region, the total cross section is not consistent
with the sum of the (7,p) and (7 ,n) cross sections around 1.1 mb. Recently, Efros ef al. applied a new
theoretical method, called the Lorentz integral transform, and succeeded in performing the calculation
for the E1 photoabsorption cross section of ‘He, fully taking into account the effects of the final-state
interaction (FSI) [21]. They claimed that the peak energy of the cross section should be at around 30
MeV, rather than the previously adopted value of about 25 MeV. Also they pointed out that the
integrated cross sections obtained from the previous data and calculations exhaust only 60% of the
value expected from the E1 sum rule. On the other hand, their calculation is consistent with the sum
rule. To solve the above problems, a more precise experiment on the photonuclear reactions of ‘He will
be demanded. In addition to the importance of the photonuclear reactions of *He in nuclear physics,
they also play crucial roles in astrophysics. It is known that the radiative capture processes of light
nuclei play crucial roles in the big-bang nucleosynthesis [22], and the information about the
photonuclear reactions of ‘He at low energies are useful to establish microscopic theories for those
processes. The photonuclear reaction of “He can be applied to investigate analogous processes of ‘He
caused by the weak interaction [23] like the *He(p,e” v,)*He and *He(v,v") reactions, which are
relevant to the solar hep neutrino production [24] and the stellar nucleosynthesis by r-process in
neutrino-driven wind [25], respectively.

For the above reasons, recently we have started a new experiment on the photonuclear reactions of
“He by means of a real photon beam and a time projection chamber (TPC). We have already measured
the cross sections in the region of E, from 22 MeV to 32 MeV, and the result was in nice agreement with
the recent theoretical calculations. But the integrated total cross section below E,= 32 MeV was about
30% smaller than the value expected from the E1 sum rule. Therefore, it is quite interesting to make a
systematic measurement up to higher energies in order to search for the missing transition strength.
For that purpose we planned a new measurement using the tagged photon beam at LNS, Tohoku
University. The present work was aimed at an experimental check for stable operation of TPC and the
possible backgrounds under high radiation environment due to a high-energy (up to 120 MeV) and high-

intensity (up to a few 10° photons/s) incident 7 -ray beam.

§ 2. Experimental Method
The experiment was performed at the BL-V beam line at the Laboratory of Nuclear Science (LNS)
of Tohoku University. The experimental set up is schematically shown in Fig. 1. For the 7 -ray beam we

employed the LNS tagged photon beam. The 7 -ray beam impinged upon the ‘He gas target contained



39

in TPC, and caused photonuclear reactions. The charged particles emitted from the reactions were
detected with TPC. To obtain the timing signal for measurement of the drift times in TPC, the trigger
counters (TR) made of 30mm thick plastic scintillators were installed on four side walls of TPC [26]. The
timing signals from TR were also used to determine the 7 -ray energies event by event, by taking
coincidence with the tagging counters (TAG). The details of the experimental method are described in

the following.

Radiator BL-V Beam Line

Trigger Counters
(TR)

Charged
Particles

Electron

Tagged Photon | Beam

Magnet

Effective Volume

Time Projection

Tagging Counter
Chamber (TAG)

Collimator

Fig.1. Experimental set up for *‘He photodisintegration measurement. The long-
dashed line indicates the path of the tagged photon beam.

2.1 Tagged photon beam
The tagged photons were generated via the bremsstrahlung process of the 150 MeV electron beam
on a 10 £ m thick platinum target, where the primary electron beam was provided from the stretcher-
booster ring at LNS, Tohoku University [27]. The energy range of the tagged photons was from 30 MeV
to 120 MeV. The average intensity of the photon beam was 2X10° photons/s.

2.2 “He target and time projection chamber

The reaction events were detected with TPC filled with a mixture of 80% natural He gas and 20%

CD, gas, where the ‘He nuclei contained in the counter gas were used as the target. This method has

following advantages;

i) Since TPC serves as an active target, an acceptance of 47 and a detection efficiency of nearly 100%
are achieved.

ii) TPC has a capability of measuring the track shapes and the energies of the charged particles
produced in the reactions, and such information is useful for identification of the reaction events

and rejection of backgrounds.
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i) The angular distributions and asymmetries of the emitted particles can be measured, and thus the
transition strengths can be determined accurately depending on multipolarities and parities of the
transitions.

TPC has an sensitive volume of 120 mm(W) X 120 mm(H) X 250 mm(D). The electrons ionized by the
passage of a charged particle are drifted along the direction of the depth of TPC. The tagged photon
beam was injected in the central axis of TPC along the drift direction. The effective depth of TPC was
defined so that the detection efficiency & of TPC was better than 99%, and actually it was 200 mm. The
effective thickness of the “He target was determined from the temperature and the pressure of the
counter gas, which were monitored during the measurement. The temperature and the pressure of the
counter gas were in average 19.920.1 ‘C and 430+ 2 Torr, respectively. Thus the effective thickness of
“He was determined as (1.1340.02)X107® atoms/b. The spatial resolutions of TPC were 2 mm for
directions parallel to and perpendicular to the photon beam axis. To monitor the response of TPC during

the experiment, an a -ray source (**!Am) was installed at the head of the drift region.

2.3 Data acquisition system

The data acquisition was performed by using standard NIM and CAMAC circuits. The signals from
the cathode wires were amplified, and converted to logic signals with discriminators. Those logic signals
were sent to 32channel multi-hittable TDC's (LeCroy 2277), and were used to measure the drift times of
the ionized electrons. The signals from the anode wires were summed, and their pulse shapes were
recorded with 100 MHz flash ADC's (REPIC RPC-081). The summed anode signals were also
discriminated and converted to anode-logic signals. The pulse heights and the timings of the signals
from TR were recorded with current-sensitve ADC's (LeCroy 2249W) and TDC's (LeCroy 2228),
respectively. The timing signals from TAG were recorded with TDC's (LeCroy 2228). The data
acquisition was carried out when an anode-logic signal of TPC and a signal of TR were obtained in
coincidence within a time interval of 70 #s, which was chosen to be sufficiently longer than the
maximum drift time of TPC (~40 i s). The data from the CAMAC modules were acquired by an IBM-AT
personal computer with the Linux operating system. For the CAMAC device driver, we employed the

UNIDAQ system [28].

§ 3. Result
3.1 Event selection and background

With the above trigger condition for the data acquisition, 401,638 events were acquired as the raw
data during the measurement time of 42,300 s. To select the candidates of the true events of the
photonuclear reactions, we rejected the events in which the signals of TR and TAG were not detected in
coincidence within the time width of 100 ns. Here the time width of 100 ns for the coincidence condition
was defined from the distribution of the time difference between TR and TAG. 19,975 events survived
after this requirement, and then those events were inspected event by event, by checking the tracks of
the charged particles emitted by the reactions. The events could be categorized to seven types as listed

in Table 1. Figures 2(a)~(g) show the examples of the tracks of the events of Type-1~7, respectively.
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In Fig. 2, tracks are indicated as the areas surrounded by dots, which correspond to the timing of
the drift electrons in TPC. Here, the pulses from the cathode wires of TPC were converted to logic
signals with the discriminators, and both the leading edge and the trailing edge of the logic signals were
recorded with TDC's. Therefore, the width of a track along the drift direction is correlated to the energy
loss of the particle in TPC. Using such information, we made event identification as follows. The events
of Type-1 is considered to be caused by the accidental coincidence of the noise of TPC and TAG, because
no track of the charged particles from photonuclear reactions was observed. Type-2 is an «a particle
from the a-ray source, since the track is originated from the position of the a-ray source. Type-3 is

possibly an event of *He(y n)*He, ‘He(7,p)*H or ‘He(7 ,pn)’H at relatively high excitation energy,
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Fig.2. Examples of the observed tracks. The rectangular frames indicate the side view of
the active volume of TPC. The photon beams come from the left ; (a) accidental
noise, (b) a-ray from %!Am source, (c) ‘He(7 ,n)*He, ‘He(7 ,p)*H or *He(7 ,pn)°H,
(@ 2C(y ,p)"B or 2C(7 ,n)"C, (e) “He( 7 ,p)°H or *He( 7 ,pn)?H, (f) *C(7 ,p)"'B, and
(g) *H(7 ,p)n.
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because only one track with a medium width can be found. Here, photoneutrons and photoprotons with
small energy losses cannot be detected, because TPC is insensitive to them. With the similar
consideration, Type-4 can be attributed to *C or 'B from the photodisintegration of *C. Type-5 is a
candidate of *He( 7 ,p)*H or *He(y ,pn)?H. Type-6 and Type-7 are identified as (7 ,p) reactions of *C and
H, respectively. Table 1 shows the number of events of Type-1~7.

The present result shows that the main background is caused by the accidental coincidence of the

noise of TPC and TAG, and they can be identified and rejected by checking the track shape.

Table 1. Number of events of

Type-1~17.
Event type Number of events Table 2. Trigger rate and dead time of data
acquisition.

Total 19,975 - - - -
Tyo j_ 1 17.930 7 -ray intensity | Trigger rate Dead time
Tyge- 5 2000 [photons/s] [counts/s] [%]
Type-3 36 1X108 230 85.9
Type-4 3 2.5X10° 13.7 26.6
Type-5 3 1X10* 5.9 13.3
Type-6 2
Type-7 1

3.2. Trigger rate and dead time of data aquisition
To check the efficiency of the data acquisition of the present experimental system, the dead time of
the system was measured as a function of the photon beam intensity, as shown in Table 2. Therefore, to
make an effective measurement with the photon intensity as high as 10° photons/s, the trigger rate
should be decreased to about 10 counts/s. That can be achieved by requiring the coincidence of TPC, TR
and TAG at the hardware level.

§ 4. Summary

In this work, the feasibility of the present experimental method was examined. We could observe
the tracks of the particles emitted by the photonuclear reactions of ‘He, >C and ?H successfully even
under high radiation environment due to a high-intensity incident photon beam. The background is
mainly due to the accidental coincidence between the noise signals of TPC and TAG. By requiring the
coincidence of TPC, TR and TAG for the trigger condition, most of such background events can be
rejected, and the efficiency of the data acquisition of ~80% can be achieved with the photon beam
intensity of ~10° photons/s. With the present result, we can expect our experimental method will be

useful for the precise measurement of the photonuclear reactions of ‘He.
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We have constructed a tagged photon beam line in the STB ring at Tohoku University. The quasi-
monochromatic photon beam is produced by the internal photon tagging system (STB Tagger) which
consists of a solid fiber radiator and the compact tagging counter installed in a bending magnet of the

STB ring. The energy range of the tagged photon is from 2/3 E, to 11/12 E, with the electron energy of E,.

§ 1. Introduction

At an earliest stage of the nuclear physics, the photon-induced nuclear reactions were studied by
the bremsstrahlung photon beams. The bremsstrahlung photons have the continuous energy spectrum.
Thus, it is impossible to determine the energy of the induced photon event by event. In order to produce
the monochromatic or quasi-monochromatic photon beam, the photon tagging method has been widely
used. The energy of the photon E, is given by the difference between the incident electron energy E, and
the recoil electron energy E' : E, = E, — E'.

Recently a 1.2 GeV electron synchrotron called STretcher-Booster-Ring (STB-ring) has been in
operation at Laboratory of Nuclear Science (LNS), Tohoku University [1]. The electrons with a
maximum energy of 1.2 GeV are appropriate to study the hadron structure in the second resonance
region in nuclei. Thus, the systematical studies of hadron structures in nuclei are started with the STB
ring through the meson photoproduction on nuclear targets. To cover interesting nucleon resonances,
the maximum photon energy of 1 GeV is necessary and the determination of the incident photon energy
is essential. So, the internal bremsstrahlung tagging method with the solid fiber radiator was employed
to produce the photon beam from the circulating electrons. By using the solid radiator, it is possible to
make multi tagged photon beam lines in one storage ring, for example as shown in Fig. 1.

The required performance of the photon tagging system is listed as follows. First, the energy
resolution of the tagged photons must be less than at least 30 MeV at 1 GeV photon energy. The widths

of nucleon resonances in the second resonance region are a few hundred MeV/c? so it is desirable that

*Present address ; Japan Synchrotron Radiation Research Institute (JASRI),Sayo-gun, Hyogo 679-5198 Japan
"Present address ; Japan Cycle Development Institute, Tokai-mura, Igaraki 319-1194 Japan
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Fig.1. Layout of the STB ring in LNS, Tohoku University.

the energy resolution of the photon is a few times smaller than the resonance width. Second, the
fluctuation of the photon intensity must be less than 40%, because the chance coincidence rate should
be controlled low enough. Third, the tagged photon intensity must be more than 3>X10° per second,
because the cross section of the N* formation by the photon is not so large compared with the hadronic
reactions. To satisfy these requirements, we constructed the internal photon tagging system (STB
Tagger), which consists of the solid fiber radiator, the compact tagging counter installed in the bending
magnet.

In this report, the performance of the STB tagger and the characteristics of the tagged photon beam
will be described.

§ 2. 1.2 GeV Stretcher-Booster Ring at LNS

The STB-ring is an electron synchrotron with a maximum energy of 1.2 GeV. The layout of the STB
ring is shown in Fig. 1. The circumference of the STB is 49.7m. The electron beam with an energy of 200
MeV is injected into the STB from a linac and accelerated up to 1.2 GeV in about 1.2 second. The energy
of the electron beam at the stored phase can be selected from 0.2 GeV to 1.2 GeV according to the
experimental conditions. The duration of the energy flat top can be varied on demand. Although the
maximum circulating current is about 40 mA, the typical operation current is about 10 mA from the
limitation of the tagging counters. The natural emittance of the electron at 1.2 GeV is 200 nmrad. The
typical size of the electron beam is about 1.0 mm and a beam divergence is about 0.7 mrad (r.m.s.) at the

radiator position.
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§ 3. Tagging Spectrometer

As shown in Fig. 1, a quarter of the STB ring consists of 7 magnets; BM3,4, QC2, QD3,4 and QF3,4.
The STB Tagger consists of a movable carbon fiber radiator, compact tagging counters and a bending
magnet (BM4) in the STB ring, which is used as the tagging spectrometer. The photon production
radiator is inserted into the electron beam orbit and produces the bremsstrahlung photon duning the
flat top period. The momentum of the recoil electron is analyzed in the magnetic field of BM4. An energy
of the photon is determined as the energy difference between the incident and the recoil electron.

3.1 Radiator system

The radiator system in the STB-ring is placed between BM4 and QC2. It is placed at 32.5 cm from the
entrance of BM4. The radiator were made from carbon fiber, which is mounted on the aluminum frame.
The aluminum frame is connected with a moving rod, which is driven with a 5-phase pulse stepping
motor. The diameter of the carbon fiber is 11 £ m, which is about 100 times smaller than the beam size.
The electron current passed through the radiator, which is proportional to the beam density there, can
be controlled by changing the radiator position. The carbon fiber was fabricated by Kureha Chemical
Industry Co. from the pitch. The pitch made carbon fiber has an almost zero coefficient for thermal
expansion, though the normal fibers, which are made of the poly-acrylonitrile fiber, have a slightly
negative coefficient. This feature increases the heat resistivity of the radiator.

The position can be controlled automatically by the computer, which is triggered by the accelerator.
The minimum moving step is 2 m. The movable range of the radiator is 100 mm and the maximum
velocity is 80 mm/s. The radiator is installed and removed in the electron orbit with the maximum
velocity, synchronized the acceleration phase of the STB ring.

3.2 Magnetic spectrometer

The energy of the recoil electron is determined by the curvature in the magnetic field of BM4. The
design results of the main magnets of the STB ring are reported in reference [2]. The orbits of the main
beam and the recoil electron are shown in Fig. 2. The solid curves represent the orbits of the recoil
electrons with the energies from 1/12 to 1/3 E, with 1/24 E, step. The recoil electrons are extracted from
the vacuum chamber through a titanium window with a thickness of 50 /£ m to the air. The flight length
from the window to the tagging counters in the air is about 50 mm. The spread of the recoil electron
caused by multiple scattering at the exit window is estimated as 300« m, which is smaller than the
contribution of 500 it m estimated from the beam divergence at the radiator position .

3.3 Tagging counters

The recoil electrons are detected by the 50ch tagging counter which is installed in the bending
magnet. The energies of the electrons are measured by the hit position on the tagging counter. A plastic
scintillator is employed as a position detector, because it can be easily processed in any form, gives a
good time resolution and is less expensive.

A detector box, in which plastic scintillators are placed in two rows near the window, is shown in
Fig. 3. The plastic scintillator is in a shape of a rectangular prism with a base 3 ~ 6 mm in width, 5 mm
in thickness, as shown in Fig. 2, and a height of 20 mm; the 5-mm width corresponds to an energy span

of 6 MeV at E, = 1 GeV. Each counter width has been determined so as to have the same energy width.
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Fig.2. The orbit of the primary electron beam and recoil electrons

in the STB

bending magnet with the tagging counter. The orbits of the recoil electrons are
displayed with the energies from 1/12 E; to 1/3 E, with 1/24 E, step.
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Fig.3. Cross section view of the bending magnet of the STB ring. A small

detector box in which plastic scintillators and optical fiber cables are
placed is designed to be inserted between the magnet chamber and the
return yoke.

Fifty scintillators are placed at the front surface of the detector box and in the second raw other twelve

scintillators are aligned as back counters. Each back counter covers four front counters except the one
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placed at the highest energy side, which covers six front counters. The coincidence requirement between
the front and the backup counter reduces the background.

The scintillation light is transmitted from each plastic scintillator to a photo-multiplier (PMT;
Hamamatsu H6524-01) placed at the outside of the magnet through a bundle of 3-m long optical fiber
cables. The space behind the plastic scintillator in Fig. 3 is just for 62 bundles of them. Fiber cables are
quite useful to transport the light through a long path in flexible and winding. Presently employed is a
optical fiber cable of 1.0 mm in diameter (Eska CK-40) manufactured by Mitsubishi Rayon Co. Sixty
cables are tied up in a bundle. Both ends of the bundle are closely packed and tightly hardened; they
show circular cross sections of 10.0 mm in diameter fitting to the PMT.

Losing the light intensity is inevitable for the present system, mainly due to a difficulty of light
transmittal from the scintillator to the fiber cables. Thus, we have devised a light guide connecting the
scintillator and the optical fiber, in order to reduce the light loss between the scintillator and the optical
fiber. The light guide is in a shape combined with two geometrical parts;a trapezoidal square prism and

a triangular prism. The determination of the shape has been reported in Ref. [3]

§ 4. Performance of the Tagging Counter and Photon Beam Characteristics

The test experiment has been carried out in order to check the performance of the tagging counter
and the photon beam characteristics.

4.1 Performance of the tagging counter

The detector system of the final geometry was tested in an actual condition. One end of a bundle of
fiber cables of 3 m in length was coupled with the light guide of the scintillator in the box, and the other
end was coupled with the photomultiplier placed at about 2 m from the magnet. In Fig. 4, the measured
pulse height spectrum of the tagging detector is shown. The peak at around 335ch corresponds to the
electron events. The light intensity of about 65% can be obtained by using 3-m long fiber cables, in the

present case.

500

400

300

200

counts / channel

100

L L L L B B B B |

o L b b b | e Lo |

100 200 300 400 500 600 700 800
channel number

o

o

Fig.4. Pulse height spectrum of a tagging detector measured with a 1.2 GeV electron
beam in an operative condition.



49

4.2 Photon beam profile
The beam profile of the photon beam was measured by a Polaroid film placed behind the 5 mm Pb
plate at the target position of 7 m downstream from a photon production radiator. The diameter of the
photon beam image was less than 20 mm. This is comparable to 5 mm (r.m.s.) which was estimated from
the beam divergence and the distance between a radiator and a target.
4.3 Energy calibration
The energy of the tagged photon beam has been measured by the pair magnetic spectrometer. The
tagged photon beam bombards the copper converter which is placed upstream of the pair spectrometer
and produces e*-e” pair. The energies of e*-e” pair are measured simultaneously by the spectrometer.
The details of the experiment have been reported in Ref. [4]. Figure 5 shows the energy spectra of the
tagged photons in coincidence with three tagging counters.The single bremsstrahlung spectrum is also
plotted. The peak energies shift linearly according to the tagger channel number. The energy resolution
of this detector system is about 10 MeV, but the relative peak position of the photon energy can be
determined within 1 MeV. Figure 6 shows the calibration curve of the tagged photon. The averaged root
mean square of the deviation from the linear fit are 0.92 MeV and 0.71 MeV for 1.2 GeV and 0.93 GeV
mode, respectively. The absolute value of the photon energy was also checked with the threshold energy
of the p(7, 1) reaction. The energy of the circulating electron can be deduced by the end point energy of
the bremsstrahlung photon;1.17 GeV and 0.92 GeV are the results of the analysis.
4.4 Tagging efficiency
The tagging efficiency (¢) is defined as the ratio of the real photon numbers on target to the
electron counts of the tagging counter. A Csl crystal detector was employed to count the real photon
numbers on the target. The size of the Csl crystal is 50 X 50 X 250 mm. It is large enough to cover the
tagged photon beam profile. The pulse height data of the CsI detector output were accumulated when

more than one tagging counter was fired. The tagging efficiency of the i-th counter is,
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Fig.5. Bremsstrahlung spectra with three tagging counters' hits. The single
bremsstrahlung pectrum is also shown.
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where N, (on) is the counts of the i-th tagging counter, N (Cs]) is the counts of Csl detector and N; (off) is

€

the counts of the i-th tagging counter when the radiator is off. ® means in coincidence between a left
and a right count. The beam intensity was controlled low enough to be able to ignore the chance
coincidence between the tagging counters and a Csl detector; 10* times weaken than the normal
intensity. Figur 7 shows the tagging efficiency and the radiator off/on ratio. The radiator off/on ratio
with low intensity beam is a few tens times larger than that with the normal intensity beam. When the
beam intensity is very low, the fluctuation of the off/on ratio is very large. The scattering points of the
tagging efficiency at tagging channel of 1 and 6 are affected by this fluctuation. At the normal tagged
photon intensity, the fluctuation of the radiator off/on ratio can be ignored because the absolute value is
less than 1 % . The constant ¢, which is the average of all ¢,, is used to count the incident photon
number.
4.5 Photon flux

In Fig. 8, the typical examples of the time evolution of the tagged photon flux are shown. The
former three clusters correspond to the tagged photon rates with fixed radiator positions: 3.50, 3.00
and 2.50 far from the beam center, respectively. The photon flux increase as the radiator approach to
the center orbit. The photon emission reduces the circulating electrons, so the photon flux is reduced
exponentially with the fixed radiator. The size of the electron beam at the reaction point is about 1.0
mm (r.m.s.), and is about 100 larger than the radiator diameter.

By controlling the position of a radiator from 3.6 0 to 2.50 far from the electron center orbit, the
almost constant tagged photon flux can be obtained during the flat top. Latter two clusters show the

almost constant tagged photon intensity by controlling the radiator position. The length of the flat top is
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typically 25 seconds. The solid line shows the tagged photon intensity, and its value is 3 X 10°/ sec. The

average of the counting rate of the tagging counters without a radiator is shown with a broken

line, whose typical value is 1.5 X10*/ sec. The radiator off/on ratio is less than 0.5% . The duty factor

(D.F) is defined as the ratio of beam on time to one period. This value can be calculate from this figure:

D.E = 25/29 = 0.86.
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Fig.8. Time evolution of the tagged photon intensity. The radiator position has been
controlled so as to keep the intensity of the tagged photon beam almost

constant.
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§ 5. Conclusions
The 1.2 GeV STB tagger which has the unique movable solid fiber radiator and tagging counter

have been installed in the 1.2 GeV STB ring at Tohoku University. The energy range of the tagged
photon beam is from 2/3 E, to 11/12 E, for the electron energy of E,. The energy bin of the tagged photon
is about 1/200 E,, which is much smaller than the requested value of 30 MeV at 1 GeV. The position
control of the solid fiber radiator made the flux fluctuation less than 30%. The maximum intensity of
the tagged photon beam is 107 tagged photons / see. The energy calibration of the tagged photon beam
has been carried out by using the pair magnetic spectrometer. The measured tagging efficiency of each
counter is better than 90%. The typical duty factor is better than 0.8.

The construction of the second tagged photon beam line in the STB ring is now in progress.
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The STB-Tagger was calibrated by measuring photon energies with a pair spectrometer. We

conclude that the energy range of the tagged photons in the 1.2 GeV-mode is from 0.8 to 1.1 GeV.

The photon beams from the STB-Tagger system [1] are used in the neutral kaon photoproduction
experiment [2]. Since the experiment focuses on the production in the threshold region, the absolute
beam energy should be known as precisely as possible. We measured the photon beam energy by the
pair-spectrometer system in coincidence with the STB-Tagger signal. Here the results are reported.

The experimental setup is shown in Fig. 1. Photons are converted into electron-positron pairs in a
Cu converter of 0.9 mm ¢ . The electrons and positrons were measured by the pair-spectrometer (PM)
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Fig.1. Experimental Setup.
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Fig.2. Correlations between momenta of e” and e”.

system which consists of a dipole magnet, a drift chamber (DC), and trigger scintillators. The momenta
of the electron and positron were determined by tracing back the trajectories from the DC to the
converter using the PM field map. The 3-dimensional field maps were calculated by TOSCA and
normalized to the measured field at the center position in each current setup. We used 4 current
settings of 180, 220, 280, and 320 A, which correspond to the center field of 0.652, 0788, 1.00, and 1.14
Tesla, respectively.

As shown in Fig. 2, clear correlations between the momenta of electrons and positions were
observed. Thus, energies of photons which are associated with each tagger segment were obtained. The

results from different magnet setups agree with each other as shown in Fig. 3. The systematic error was
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Fig.3. Determined photon energies.
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estimated to be 10 MeV, which mainly comes from the field shape uncertainty in the fringing field
region.

In summary, we have calibrated photon energy by measuring the electron-positron pairs after
conversion with the pair-spectrometer system. We have confirmed that the STB-Tagger covers energy

range from 0.8 to 1.1 GeV with the systematic uncertainty of 10 MeV.
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§ 1. Introduction

A new GeV-7beam line was recently constructed at Laboratory of Nuclear Science. A GeV-7 tagging
system is now under construction. The GeV-7 beam is produced by utilizing an internal radiator
inserted into the circulating electron beam in the 1.2 GeV STB ring. The intensity of the 7 beam is about
10" photons/sec. In order to use these photons as a beam in experiments, it is necessary to investigate
the properties of the 7 beam. As a first step, the 7 beam profile is investigated at the target position in

the experimental hall. Figure 1 shows the detector setup for the ¥ beam profile measurement.

to Photo Multiplier Tube

Trigger PS for x

y Al Converter \}|
Trigger PSfory 1o Photo Multip[ier Tube
Charge PS
to Photo Multiplier Titbe

Fig.1. Detector Setup for a 7 beam profile monitor system.

The detector system consists of several plastic scintillators (PS). The ¥ beam bombards a 1 mm
thick Al converter, and some photons are converted into e'e” pairs. The e*e” pairs go straight and

penetrate the trigger and fiber PS's. The trigger condition is described as
[Charge—ﬁ ® [Radiator-Out] @ [ x trigger-PS] ® [y trigger-PS]. (1)

Charge-PS signal vetoes e*e™ events produced upstream. The Radiator-Out signal removes the events
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taking place while the radiator is not inserted into the electron beam. The hit positions are extracted
from the hit information on x and y fiber PS's.

Previously, the data were taken by a CAMAC cycle, and the typical data taking rate was about a
few hundred Hz. It took about half an hour to obtain the ¥ beam profile. Thus we have developed a high
speed 7 beam profile monitor system by using a 32 bit 20 MHz sampling digital input/output PCI board
PCI-2772C (Interface Corporation).

§ 2. Design of Data Acquisition System
The PCI board PCI-2772C judges each TTL signal to be high or low in the data lines responding to the
leading edge of the strobe signal, for which the input response time is 20 nsec. The circuitry of the v

beam profile monitor system is simple, as shown in Fig. 2. Strobe signals are made from the coincidence

Charge PS
NIM-TTL converter
Trigger PS for x :
Trigger PS for y
strobe

[Fiber PS X01 H Discriminator H NIM-TTL converter I—

data ¢

Fiber PS X16

PCI-2772C

Fiber PS Y01

Fiber PS Y16

Fig.2. Logic diagram of the data acquisition system.

signals between x and y trigger-PS signals vetoed by the Charge-PS and Radiator-Out signals, and
converted into TTL signals by a NIM-TTL converter. Raw signals coming from the fiber PS's are
translated into NIM level signals with a width of 50 nsec by discriminators, and converted into TTL
signals by NIM-TTL converters. The strobe signals are delayed by 20 nsec with respect to data signals.
The host computer of this board is based on Pentium 4, 1.6 GHz (Intel).

§ 3. Perfomance of ¥ beam Profile Monitor

Figure 3 shows a 7-beam profile obtained while the radiator is inserted into the electron beam at 1.2
GeV. A prominent peak corresponding to the Bremsstraalung 7-beam is observed. Figure 4 shows the ¥
beam profile without the radiator, and the rate for reconstructed events is about 4% of that with the
radiator on.

The typical data taking rate is about 40 kHz, that is limited at this moment by the program code
which determines hit positions and displays the profile. Further higher data taking rate can be
achieved by optimizing the program code and by introducing a faster personal computer. A set of 16-ch
logic level translaters (Phillips 726) is used for NIM-TTL converters in the present measurement. We

will make NIM-TTL converters of our own so that the system should be smaller and more inexpensive.
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The performance of an electromagnetic calorimeter with lead-tungstate (PWO) crystals was tested
by using 1 GeV photons. The calorimeter consisted of nine crystals of 20X20X 200 mm in size arranged
in a 3X3 array. The energy resolution was obtained to be 0/ E = (2.50+0.75%) /VE & (1.25%0.34%)
with a photomultiplier tube (PMT) reading all signals. Another setup, reading the central cell with an
avalanche photo diode (APD) and the surrounding 8 cells with the PMT, was also studied, however, its
energy resolution was not scaled with the stochastic function and we found the resolution of about 10 %

around 1 GeV.

§1. Introduction

A large amount of particles is produced in ultra relativistic heavy ion collisions (Pb-Pb or Au-Au)
compared with elementary reactions (p-p or e*-e”) in a unit solid angle. We need the electromagnetic
calorimeter with high granularity in order to observe an electromagnetic particle accurately in such a
high particle multiplicity environment. It is essential to seek scintillating calorimeter materials as
scintillators with a small Moliere radius because the position resolution (ability to distinguish between
one particle and others) strongly depends on the Moliere radius as long as we fix the total volume of the
calorimeter. We also request the calorimeter with high-energy resolution to efficiently identify a particle
decaying into some electromagnetic particles. It is important to increase the amount of scintillation
light and to improve its uniformity and transparency because the energy resolution relies on these
characteristics. The high resolution calorimeter can drastically enhance the potential to discover single
photons directly emitted from a hot and dense matter created in heavy ion collisions. We made lead-
tungstate (PbWO, or PWO) crystals doped yttrium at Furukawa Co., Japan. We consider the PWO
crystals to be the best candidate for a high granular electromagnetic calorimeter because of its smallest
Moliere radius of 2.2 cm in the inorganic scintillators. On the other hand, it is tolerable to use them at
high-energy experiments because the amount of scintillation light is small. We have Y-doped PWO
crystals with the dimension of 20X20X200 mm. The size is adequate for real applications. We
constructed a prototype of the PWO calorimeter with 9 PWO crystals arranged in a 3X3 array and
tested it with tagged photons around the energy of 1 GeV. We read out the scintillation light emitted
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from the PWO crystal with photomultiplier tubes (PMT). We also tested to readout the photons with an
avalanche photo diode (APD), which we can use in strong magnetic fields unlike photomultiplier. In this
report, we discuss the energy resolution of the PWO calorimeter for photons of around 1 GeV with both

PMT and APD readouts.

§ 2. Experiment

The measurement was performed at the second experimental hall with the 1.2 GeV electron storage
ring at LNS, Tohoku University. The photon beam was produced as bremsstrahlung radiation by
installing the radiator (carbon fiber of 11 micro meters in diameter) into the electron orbital and tagged
by detecting the geometrical hit position of the recoiled electron corresponding to its momentum. We

referred to the system as Tagger. The experimental setup is schematically shown in Fig.1. A charged

Charged veto
(100x100x1) E\évxcz)ocgéga)l PMT/APD preamp{ {_}_  ___ HV
Photon i : | .
beam ! Signal
................................ » __Jl : 3x3

Black box
(220x165x470)

(unit of size is mm)

Movable stage

Fig.1. Experimental setup. We construct the calorimeter with 9 PWO crystals
arranged in a 3X3 array.

veto counter was located at the front of the calorimeter and employed to reduce background signals. The
active area of the veto counter was made of plastic scintillator with dimensions of 10X10X0.1 cm. The
calorimeter consisted of 9 PWO crystals of a 3X 3 array. Each crystal with a cross section of 20 X20 mm?
and a length of 200 mm (22 radiation length) was wrapped with aluminum foil. Either PMT
(Hamamatsu R1450) or APD (Hamamatsu S86664-55) was attached to one end of the crystal with
optical compound. The whole detector-cells were set into a light-tight box. The whole calorimeter was
mounted on a stage movable in the horizontal and vertical directions. This setup enabled us to inject the
incident photons onto the center of each cell. We applied negative 1.0 kV in voltage to the PMT, positive
400 V to the APD, respectively. For the test of the APD readout, we replaced the only central crystal
coupled with a PMT with another crystal coupled with an APD, and the other surrounding 8 cells
remained reading with the PMT. The block diagram for the electronics is shown in Fig.2. The trigger
signal was obtained by a two-fold coincidence (between the signals of the radiator installation and the

Tagger hit) with a veto (charged veto counter). In this test, a logic signal of each tagging counter was
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digitized by a TDC. For the PMT output signal, we digitized it with a charge-sensitive ADC (LeCroy
2249A). For the APD, we put it through the shaper and digitized with a peak-holding ADC (Hoshin
C008H). The ADC gate was produced by the trigger signal with a width of about 200 ns for the PMT,
about 1 is for the APD. The energy calibration of tagged photons with Tagger was performed in
advance of our test as shown in Fig.3. We used 40 tagging counters of Tagger from the 1st to the 40th in
total 50 ones corresponding to the tagged energy at the range between 0.85 and 1.15 GeV.
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Fig.2. Block diagram of the electronics where PWO denotes the analog signal of the
calorimeter, Tag is the logic signal of each tagging counter, TagSum is the logic-
sum signal of Tagger, BeamOn defines the timing of the radiator installation
and Veto is the analog signal of the charged veto counter.
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Fig.3. Tagged photon energy. It was measured and Tagger was calibrated in advance
of this test. In this test experiment, we use the 40 tags from the 1st to 40th
cell.



62

§3. Results

In this measurement, we saw the multiple hits on Tagger as shown in Fig.4. In the energy
measurement for a single incident photon, we picked out the events where the number of hit on Tagger
is 1 in order to reduce the events of multiple hit on the calorimeter during the gate period. Figure.5
shows the tagged events with the number of hits of 1. The energy calibration of the calorimeter was
performed under two stages. At the first stage, we used data in which the photon beam was
longitudinally injected on the center of each cell, and obtained a peak value in the ADC distribution for
each incident energy. With a peak value in the deposit energy distribution obtained by the Monte Carlo
simulation (GEANT4) of electromagnetic shower development for a 3X3 PWO array, we obtained a
conversion factor from the ADC value to the energy. At the second stage, we used data in which the
beam was injected on the center of the calorimeter (i.e., the center of the 5th cell) through the first
stage. We adjusted and corrected the conversion factors taking the geometrical shower sharing into

account based on the above simulation. The simulation results show the fraction of deposit energy for
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Fig.4. Number of hits on Tagger. In our analysis, we pick out the events when the
number is 1. When an event is triggered and it has an overflow value of the
Tagger's TDC, it is counted as zero in the number of hits
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Fig.5. Tagged events when the number of hits on Tagger is 1.
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deposit energies on the 9 cells are summed up event by event.

the incident energy around 1 GeV is 75% on the central cell, 10 % on the orthogonal surrounding 4 cells
and 5% on the diagonal surrounding 4 cells, respectively. After the energy calibration, we obtained
measured energy spectrum for each incident energy. Figure.6 shows the deposit energy distribution in
the individual cell, at 1.0 GeV photons incident (the 20th tag) on the center of the calorimeter, (@) for
PMT’s only and (b) for the APD scheme, respectively. By summing up all the energies deposited in the 9
cells, energy spectrum for the incident photon was obtained as shown in Fig.7. In this test, we were
able to determine 40 points at the incident photon energy in the range between 0.85 and 1.15 GeV for
the PMT and APD readouts, respectively. We found means and standard deviations by fitting each
spectrum with a normal distribution function for the incident energy. We finally archived the energy
resolution by dividing the standard deviation by the mean. For the fitting region, we truncated the
lower tail seen in the deposit energy distribution. Figure.8 shows the experimental results of the energy
resolution of the PWO calorimeter, (&) for the PMT’s only and (b) for the APD scheme, respectively. The

energy resolution, 0/ E, is conventionally parameterized as;

Ok a
=—a 1
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where @ denotes the square root of the quadratic summation, E is the incident energy in unit of GeV. We

often call a stochastic coefficient, which means the statistical fluctuations. The stochastic coefficient

fitting function
o./E=a/VE ®b (E[GeV])

a: 2.50+0.75 %
l T b: 1.25+ 0.34 %
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Fig.8. Energy resolution of the PWO calorimeter (&) with PMT’s only and (b)
with an APD for the 5th (central) cell, PMT for the other surrounding 8
cells. The energy resolution scales very well inversely as the square root
of the incident photon energy for the PMT readout, however, it is not
parameterized for the APD readout because of the pre-amplifier noise.

characterizes the performance of the calorimeter. The energy resolution scales well to Eq.(1) at the PMT
readout, however, it is not scaled at the APD readout because of the pre-amplifier noise. By fitting data

for the PMT’s only, the coefficients were found to be ¢ = 2.50+0.75 % and b = 1.25+0.34 %.
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§4. Summary

We tested an electromagnetic calorimeter with 9 PWO crystals arranged in a 3X3 array. Each size
of the crystal is 20X20X200 mm. We measured the scintillation light emitted from the PWO with
PMT’s or an APD. The incident photon energy was measured by summing up all the signals from the 9
cells. We evaluated the energy resolution at the incident photon energy around 1 GeV. The energy
resolution for the PMT scheme was well parameterized and found that the stochastic coefficient is 2.50
+0.75 %. Another setup, reading the central cell with an APD and the surrounding 8 cells with PMT’s
was also studied, but its energy resolution was not scaled with the stochastic function and we found the
resolution of about 10 % around 1 GeV. We should improve the performance of the pre-amplifier for the

APD, including noise rejection scheme.
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The yields of "Be and '"Be produced by bremsstrahlung having a maximum energy (E,) of 200 MeV
in "Cu, "*Ag and '""Au targets were investigated by the AMS technique at MALT of the University of
Tokyo. It was found that the yields at E, = 200 MeV were much lower than those at E, = 250 MeV,
obtained in our previous work. A change in the yields of the fragmentation component in the target-
mass dependence was observed at E, = 200 MeV when compared with those at E, = 250 MeV. However,
the ratios of the fragmentation yield of "Be to that of “Be remained unchanged throughout the

concerned E,,.

§ 1. Introduction

The formation of light nuclei, such as "'°Be and ?*¢Na, in high-energy nuclear reactions on medium-
to-heavy-mass targets, called "fragmentation”, is not yet clear concerning the reaction mechanisms.
Therefore, no theoretical calculation code for nuclear reactions is able to satisfactorily reproduce the
fragmentation. In order to provide experimental information about the fragmentation peculiarity, our
group measured many yields of several light products (“°Be, ?***Na and ?*Mg) of bremsstrahlung-
induced reactions from 23 targets ranging from "B to '*’Au, the superscript (nat) being the natural

isotopic abundance, at the maximum end-point energies (E,) of 250 to 1200 MeV radiochemically in our

*Present address: Radiation Science Center, Applied Research Laboratory, High Energy Accelerator Research
Organization, Tsukuba, Ibaraki 305-0801
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previous works [1,2]. We successfully disentangled the contributions of photo-fragmentation from
photospallation processes and found that the neutron-to-proton ratios of the targets strongly affect the
formation of nuclei by fragmentation, as revealed by the yields of the isotopic pairs. In this work, the
yields of the isotopic pairs of "Be and '"Be from "*Cu, "Ag and ¥"Au at E, = 200 MeV (a lower energy
than in the previous work) were measured in order to understand the effect of the difference in the
photon energy of the initial interactions.

Although the amount of "Be produced in a target was determined by 7 -ray spectrometry in the
previous works, the measurements of both "Be and °Be yields were performed with the aid of AMS in
this work, because it is expected that the yields of "Be from medium and heavy targets at E, = 200 MeV
are much lower than those at E, = 250 MeV. The advantage of AMS for "Be is not only high sensitivity,
but also low background. Especially, it is very important that possible interference from spallation

products having large yields in the 7 -ray measurements at ~478 keV is avoidable in AMS.

§ 2. Experimental

Metallic plates of Cu, Ag and Au (1.7651, 2.1422, and 2.5871 glem?, respectively) with a diameter of
10 mm were cut out for targets. The chemical purities of the Cu, Ag and Au plates were 99.99, 99.98 and
99.99 %, respectively. Each target was wrapped with a guard foil of the same material in order to avoid
any recoil gains and/or losses of "'°Be from and/or into the surrounding materials, and stacked by
sandwiching with two Al foils used as a beam flux monitor. Each stack was enclosed separately in a
quartz tube evacuated by a rotary pump.

The irradiations were carried out in a water-cooled target holder with bremsstrahlung having E; =
200 MeV, obtained in 0.5 mm of a platinum converter at the 300 MeV electron linac of the Laboratory of
Nuclear Sciences (LNS), Tohoku University. The durations of irradiation for Cu, Ag, and Au were 30, 40,
and 50 minutes, respectively. The beam intensity was monitored by 27A1( 7, 2pn)**Na on two Al foils, as
described in Ref. [3], and determined to be (1.43%0.37)X10" for Cu, (1.15+0.22) X 102 for Ag, and (1.76
+0.72) X 10" eq.q./s for Au.

After irradiation, each target was placed in a beaker containing 421 (g of Be?" separately. The
targets of Cu and Ag were dissolved with 16 M HNO;, and Au with aqua regia. Copper was left in
solution with excess NH,OH. Silver was removed as AgCl with 6 M HCl. Gold was extracted into
isopropyl ether after adjusting the solution to 8 M HCL After a Fe** solution and NH,OH were added,
beryllium was collected as Be(OH), with Fe(OH),. The precipitates free from target material were
dissolved with 12 M HCl, and passed through an anion-exchange column filled with Dowex 1X8 (100-
200 mesh) pretreated with 12 M HCL The eluate with 12 M HCl was concentrated, and NH,OH was
added to the solution to precipitate Be(OH),. The precipitates were dissolved with 1 M HC], and passed
through a cation-exchange column filled with Dowex 50WX8 (100-200 mesh) pretreated with 1 M HCL
After Be(OH), was precipitated with NH,OH from the 1 M HCl eluate, the cation-exchange step was
repeated. Be(OH), was purified by repeated precipitations in a quartz beaker. The final beryllium
solution was dried on a quartz beaker and ignited to BeO at 850°C. The BeO powder was mixed with

niobium powder and pressed into a hole in an oxygen-free-copper cathode. The chemical recoveries were



69

about 60%.

The amounts of "’Be were determined by AMS at MALT of the University of Tokyo. The
measurement of 'Be was carried out 108 days after irradiation. The "Be-AMS was performed by
following the "Be-AMS. The details of the AMS for "Be at MALT are going to be reported by H. Nagai et
al. and those for '"Be were reported in [4-6]. The reproducibilities of standard samples in these

measurements were +5.8% for "Be and +2.6% for °Be, respectively.

§ 3. Results and discussion

The measured yields of ™ °Be in ™'Cu, "*Ag and "Au at E, = 200 MeV obtained in this work are
tabulated in Table 1. Those are essentially independent of the precursor decays. The half lives of "Be
and '’Be used for the data analysis are 53.29 d and 1.5X10° y, respectively.

In Fig. 1, the yields of "Be (open squares) and '“Be (closed squares) at E, = 200 MeV are plotted
together with our previous data at £,=250 MeV (circles) as a function of E,. It was found that all of the
yields increased steeply around E, = 200 MeV and changed to a gradual increase at E, =~ 250 MeV. This
property confirms that the (3,3) resonance in complex nuclei has the peak cross section around a photon

energy of £ =~ 300 MeV, while the threshold energy for the (3,3) resonance is ~140 MeV. This indicates

Table 1. Measured yields of "Be and '°Be on "**Cu, "*Ag and *’Au at E, = 200 MeV.

Yields(ub/eq.q.)
Target
"Be "Be
Cu 0.77 + 0.21 0209 + 0.055
Ag 0267 + 0.056 0.199 £ 0.040
Au 0.052 + 0.023 0.147 <+ 0.061
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that the formation of beryllium nucleus is closely related to the process opened by the A-formation
through the (3, 3) resonance.

In order to consider differences among targets at various E,, the yield variations of "Be and ’Be
from E, = 200 to 1000 MeV in steps of 200 MeV are shown as a function of target mass (4, in Fig. 2. The
lines from E, = 400 to 1000 MeV are the sum of two exponential components obtained by least-squares
fits to the straight parts of the measured yield variation [1,2,7,8]. It was shown that the A,-dependences
of the yields were decomposed into spallation and fragmentation components [2]. The formation of 710Be
from the lighter targets was ascribed to spallation residues, and those from the heavier targets to
fragmentation. The contribution to the yields of ™ 1°Be from the spallation of "*Cu was estimated to be
negligibly small by using the parameters of Rudstam's formula in Ref. [9]. The "Be yields at E, = 200

MeV obtained in the present work and shown by the open squares decrease with an increase in A, more
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Fig.2. A,-dependences of the yields of "Be and “Be at E, = 200, 400, 600, 800, and 1000 MeV.
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rapidly than those at higher E,. The fragmentation component of the '"Be yields at E, = 200 MeV also
decreases slightly with an increase in A, in coutract to gradual increase at higher energies. What these
tendencies mean is still an open question. It is considered to be a problem that needs a further study.
However, it is interesting to note that the fragmentation yield ratios for the isotopic pair of **Be/"Be at
E, =200 and 1000 MeV are quite similar to each other, as shown in Fig. 3, where the yield ratios are
plotted as a function of the neutron-to-proton ratio of the target ((N/Z),). The effects on the relative
production between "Be and °Be due to a difference in the energy for the initial interaction were
uncertain. It was pointed out that the production ratio of ’Be to "Be exceeded unity around #'Pr with

(N/Z), = 1.39 and the neutron-deficient "Be (N/Z = 0.75) appeared to be formed preferably even in a
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Fig.3. Fragmentation yield ratios of '°Be/’Be at E, = 200 and 1000 MeV as a function of (N/Z)..

nucleus of (V/Z), = 1.00-1.39 compared with '°Be very rich in neutron as high as N/Z = 1.50 [2]. The (\V/2),
values at which ?*Na/**Na and 2*Mg/??Na exceed unity are also closer to the N/Z values of 2*Na and Mg,
respectively. The overwhelming production of "Be and ??Na from the targets with (V/Z), larger than N/Z
of these nuclides suggests that the production of these neutron-deficient nuclei occurs after some
neutron emissions from the excited targets. The present study has shown that the same mechanism
holds even at E, = 200 MeV. However further measurements for " °’Be are necessary, as well as for other
light nuclei, at E,=200 MeV where the quasi-deuteron resonance or giant-resonance is effective in the
photon-nucleus interactions. It was shown in the present work that the AMS technique is a powerful

tool for measuring very low yields of “Be and '°Be in nuclear reaction study.
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Technetium(IV) oxide colloids (TcO, * #H,0) were formed by bremsstrahlung irradiation of aqueous
solutions of pertechnetate (TcO, ). A transmission electron microscopy (TEM) analysis showed that the
size of colloids distributed around 30 to 130 nm in diameter. The characteristic X-rays from technetium
and oxygen were detected from colloid particles at the TEM measurements. Round-shaped colloids were
produced by the irradiation at 40°C, whereas irregular-shaped colloid particles composed of tiny
particles (2 nm in diameter) were produced at 17C. The concentration of TcO,  in the target solution
decreased with an increase of the absorbed dose, corresponding to an increase of the colloids yield. The
yield of colloids sharply increased in the solution deaerated by Ar bubbling before irradiation, but
strongly suppressed in the solution saturated with oxygen (O,) or nitrous oxide (N,O) gas. The fact
suggests that hydrated electrons play an important role in the course of the reduction of TcO,” and that

Te(IV) oxide colloid is formed via successive disproportionation reactions of Te(VI) and Te(V).

§ 1. Introduction

Technetium-99 is a long-lived fission product with a half-life of 2.11X10° y. It is produced in
appreciable amounts (thermal neutron fission yield = 6.1%) in nuclear fuel. Because of its long half-life,
the migration of *Tc in the environment is of great importance from a viewpoint of high-level
radioactive waste disposal in deep underground.

Technetium is expected to form Te(IV) species (TcO(OH),) under a reducing condition which would
not migrate due to its strong adsorption on rocks and minerals [1-4]. Therefore, TcO(OH), is believed as
a preferable species to be kept at a repository site for a long period. However, formation of colloids or
pseudo-colloids facilitates a transport of radionuclides, as found in recent research on migration of Pu in
groundwater at the Nevada test site [5]. Once the nuclides are incorporated into colloid particles, they
travel along with a flow of groundwater. The knowledge on formation of Te(IV) colloids and their
stability in aqueous solutions is substantially limited.

Another point to be stressed is a radiation effect on the migration of radionuclides from the spent
nuclear fuel contacting with groundwater, because a high dose is anticipated to its surroundings for a
long period of time. Radiolytic processes cause alteration of a matrix of waste materials itself and a
change of redox potentials of groundwater [6,7]. Bruno et al. pointed out that the release of Tc from the

spent nuclear fuel would be controlled by the oxidative dissolution of metallic Tc in the fuel under
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radiolytic circumstances [7].

Radiolytic processes of Tc have mainly been investigated by the pulse radiolysis of pertechnetate
(TcO,”) in aqueous solution [8-11]. All of these reports described that hexavalent technetium, Te(VI),
was produced by a bimolecular reaction of pertechnetate with hydrated electrons (e,, ") at the rate
constant of (1.3-2.5 )X 10 M ! s~ 1. However, Heller-Grossman ef al. [10] pointed out the appearance of
brownish suspension or precipitate in the electron-irradiated solution at the pulse radiolysis
experiments, suggesting the formation of hydrated technetium oxide (TcO,* nH,0) as a result of further
reduction of Te(VI). Recently Said et al. [12] observed a brown turbid solution by irradiation of aqueous
pertechnetate solutions with ®Co 7-rays, and they concluded the formation of Te(IV) colloids. On the
contrary, Lefort reported the redissolution of TcO,*nH,O by irradiation of ®Co 7 -rays [13]. Thus a study
on radiolytic processes with respect to the dissolution and colloid formation of technetium species at an
interface between a spent nuclear fuel and water is a current subject of interest.

In this paper, we report the formation of Te(IV) oxide colloids in aqueous pertechnetate solutions

irradiated with bremsstrahlung from an electron linear accelerator.

§ 2. Experimental

Potassium pertechnetate (K*TcO,) was purchased from the Radiochemical Center, Amersham. Its
crystal was dissolved in triply distilled water and the TcO,  concentration of the solution was adjusted
to the range of 5X107°- 3X 10 * M. The solutions were neutral and not buffered. The target solutions
were prepared under aerobic and anaerobic conditions (Ar bubbling), and sealed in polypropylene vials
(5 ml in volume). To the Ar-saturated solution, #-butyl alcohol was added to scavenge OH radicals
produced by the radiolysis of water. The concentration of t-butyl alcohol was 0.2 M.

The target solutions were irradiated with bremsstrahlung generated by an electron linear
accelerator of the Laboratory of Nuclear Science, Tohoku University. A schematic drawing for the
irradiation system is shown in Fig.1. The electrons (30 MeV) were converted to bremsstrahlung by
hitting a 1mm platinum converter, electrons being removed with a sweep magnet. The irradiation time
ranged from 2 min to 7 h. The repetition rate of electron pulses per second (pps) was changed from 27
pps to 300 pps to adjust the absorbed dose for the target. The pulse duration was 3 #s. The dose was in
the range from 0.02 to 0.08 Gy per pulse. Target temperature rose to 40C without a cooling system,

Sample

|

Beam duct

&
@——————>

Pt converter

Sweep magnet

Ice reservoir

Fig.1. A schematic figure of the bremsstrahlung irradiation system.
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when the target vials were situated at the end of the sweep magnet. To avoid the temperature increase,
a specially designed aluminum box (70 mm width, 90 mm height, 340 mm length) was equipped (Fig.1).
With this cooling system, the temperature of target vials in the box was maintained at 17£3C by
blowing air (20 I/min) chilled with ice during irradiation. Target temperature was measured with a
chromel-alumel thermocouple (in a quartz tube) dipped in a vial containing water (a dummy target) in
the box. The signal from the thermocouple was monitored in a short period of time when a beam was off.
The irradiated solutions were kept in an ice reservoir until analysis.

Dose monitoring was performed with a cerium dosimeter [14]. A polypropylene vial containing an
acidic solution of cerium(IV) sulfate (0.1 or 0.05 M Ce(SO,),, in 0.4 M H,SO,) was placed beside the
target solutions. Correction for the absorbed dose was made by monitoring radioactivity of %Cu
produced by the ®*Cu(7 n)®*Cu reaction in the copper tips (20-100 mg) attached to each }vial. The
radioactivity of %Cu was determined by measuring 7-rays (1345 keV) from %Cu with a 7-ray
spectrometer with a Ge detector equipped with a 4 k multichannel analyzer.

A transmission electron microscope (TEM, JEOL JEM-2000 EXII) was used for evaluation of a
mean size of colloids. Characteristic X-rays emitted from the colloid particle were simultaneously
monitored by the energy dispersive X-ray spectroscopy (EDXS; Oxford Instruments Link-ISIS).

The amount of Te(IV) colloids was determined by ultrafiltration (Ultra Filter UK-10, Molecular cut
off 10000, Toyo Roshi Kaisha. Ltd.). UV-visible spectra were recorded on a Shimadzu MultiSpec-1500
in the range of 190-800 nm before and after ultrafiltration. The concentration of *Tc was measured with
a liquid scintillation counter (Aloka LSC 5100).

The surface charge of Te(IV) colloids was determined by electrophoresis (moving boundary method)
for the colloids produced in the Ar-saturated solutions, because these colloids were stable against
coagulation for years. The colloidal solution (130 L) was poured into a glass U-tube (height 30 mm, ¢
1.5 mm). Platinum electrodes were used and the electric potential between platinum electrodes was 6 or
12 V. The operation time was within 1 h. The pH of technetium colloidal solution was changed in the

range from pH 7 to 1.5 by addition of HCI to determine isoelectric point (point of zero charge).

§ 3. Results

The color of irradiated solutions gradually changed to brownish black with an increase of absorbed
dose, resulting in turbid solutions of TcO, * nH,O colloids. Figures 2(a) and 2(b) show typical TEM
images for colloidal particles. The size of colloids was distributed in the range from 30 to 130 nm as a
whole. Characteristic X-rays originated from technetium and oxygen were observed when an electron
beam was focused on one particle at the TEM analysis. Electron diffraction of the colloid particles
showed no clear patterns, indicating an amorphous structure.

As shown in Figs.2(a) and 2(b), the shape of particles varies with the temperature of the target
solution. The colloids particles shown in Fig.2(a) were formed at 40°C (without a cooling system), and
the others (Fig.2(b)) were formed at 17°C (with a cooling system). In the former case, we always
observed round-shaped particles especially after the long time irradiation (3 h to 7 h). However, only

particles with an irregular surface feature were found in the latter case. The particles with irregular



76

é (/ 06 2000 K e

Fig.2. TEM images for Te(IV) oxide colloid particles radiolytically produced in aerated

solutions.
(a) produced at 40°C. Irradiation time: 4.75 h. A white bar indicates 200 nm in length.
(b) produced at 17°C. Irradiation time: 0.5 h. A white bar indicates 50 nm in length.

surfaces were formed as an aggregate of a number of tiny particles (Fig. 2(b)) with the diameter of 2 nm.
This is true for almost all particles that were produced at 17C irrespective of absorbed dose or
irradiation time. About 30 thousands of tiny particles are estimated to aggregate in a large particle with
a diameter of 70 nm. The fact suggests that the small particles of 2 nm in diameter were firstly
produced in the solution and they coagulated giving larger particles with irregular surfaces during
irradiation at 17°C. In the irradiation at 40°C, the small particles were dissolved and precipitated on the
surface of other particles just like the Ostwald ripening process, finally giving round-shaped spherical
particles.

UV-vis spectra for the irradiated solution gave a continuous absorption in the range from 200 nm to
800 nm owing to light scattering by colloid particles [15]. Our spectra were similar to those reported by
Said et al., for aqueous pertechnetate solutions irradiated with ®*Co 7-rays [12], except for an absorption
peak around 480 nm that they observed.

The TcO,” concentration in the filtrate was spectrophotometrically determined after ultrafiltration
of the irradiated sample. The radioactivity of *Tc was simultaneously measured. The concentrations
determined by both the spectrophotometric and radioactivity measurements agreed within 10% of
fluctuation. The concentrations obtained by ultrafiltration for the targets irradiated at 17°C are chosen
for further quantitative analysis, because a poor reproducibility of the yields of TcO, - nH,0 colloids
against absorbed dose was observed for irradiation without temperature control.

The fractions of TcO,” in the target are plotted against the absorbed dose up to 100 kGy in Fig.3 for
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Fig.3. Fraction of TcO, by the bremsstrahlung irradiation for different conditions of
the target. Initial concentration of TcO,~ ([TcO, Jiniiar) 18 0.1 mM.

®: acrated target, O: Ar-saturated target (0.2 M t-butyl alcohol), O: O,-
saturated target, B: N,O-saturated target. Irradiation temperature : 17+3 C.

samples with an initial TcO,  concentration of 0.1 mM. The consumption of pertechnetate is strongly
affected by the presence of radical scavengers and generators, as shown in Fig.3. The TcO,~
concentration sharply decreases in the Ar-saturated target solution (0.2 M t-butyl alcohol) even in the
low dose range, while the decrease is gradual in the aerated solution. No colloid generation was found
both in the O,-saturated and N,O-saturated solutions up to 200 kGy.

Gradual coagulation of the colloids was sometimes observed in a few days after irradiation,
resulting in precipitate of TcO, * nH,0. However, it was not always observed and a reason why the
colloids were kept in a turbid solution was not clear. We found that the colloids formed in Ar-saturated
solution were quite stable, and electrophoretic analysis of this turbid solution revealed a negative
charge on the colloid particle in pH range from 7 to 3. The charge was turned into positive at pH 1.5,
indicating that a point of zero charge of TcO, * #H,O colloids should lie in pH between 1.5 and 3. The
charge on the particles should play an important role on the stability based on the DLVO (Derjaguin-
Landau-Verwey-Overbeek) theory [16].

§ 4. Discussion
4-1. Reduction processes of TcO,~
The TcO, - #H,O colloid formation should be initiated by reduction of TcO,~ ions with the radiolytic
products of water. The radiolysis of water gives following products within 100 ns after radiation is
absorbed [17],
H,0 — e, , H, OH, H,, H;0,, H;0", (1
with G-values as Gle,,”) = G(OH) = G(H,0") = 2.7, G(H) = 0.6, G(H,) = 0.45, and G(H,0,) = 0.7. The
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hydrated electrons (e,, ) and both OH and H radicals are strong single electron redox reagents. In the
0,-saturated solution, e,,” and H are effectively scavenged by O, to give O, ions. In the N,O-saturated
solution, N,O rapidly reacts with e,,” giving an OH radical which is a strong oxidant. Because hydrated
electrons of a strong reducing reagent are effectively removed by dissolved O, and N,O, the reduction of
TeO,” to produce colloids does not occur (Fig.3). Namely, hydrated electrons play an important role in
the course of the reduction of TcO,~, as described for results of pulse radiolysis of TcO, in the literature
[8-11]. The TcO, + nH,O colloids suddenly appeared at a higher dose (> 200 kGy) even in the N,O-
saturated solution. Taking into account the solubility of N,O (2.8 X107 M at 20°C) and G-value of e,, ",
we can consider that all the N,O in the target solution is consumed by e,,” up to 200 kGy.

We discuss the reduction processes of TcO,~ on the data obtained for the Ar-saturated solution with
0.2 M t-butyl alcohol, which eliminates the oxidative OH radicals from the system. Figure 4 shows the
fraction of TcO,” obtained for the lower dose range. It is noted that the fraction of TcO,” smoothly
decreases depending on the absorbed dose, but not on the irradiation time and a repetition rate of
pulses. Because the G-value for formation of Tc(IV) oxide colloids might be equivalent to the
consumption rate (the number of decreasing TcO,” ions per an absorbed dose of 100 eV), we can
estimate the G-value for the colloid formation from the slope of each curve in Fig.4. The G-value is 0.4
0.1, in agreement with the value of 0.37 reported by Said et al. [12]. If all hydrated electrons are
consumed in the reduction process of Tc(VID) to Tce(IV) through a three-electron process, a G-value for
the production of Te(IV) species should be 0.9 that is one third of G(e,,) = 2.7. The G-value (0.4£0.1)
obtained in the present experiment is smaller than 0.9, indicating that all of the hydrated electrons do

not necessarily contribute to the complete reduction of Te(VIID) to Te(IV).
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Fig.4. Fraction of TcO,” for the Ar-saturated solutions (0.2 M #-butyl alcohol) against dose.
Initial concentration of TcO,” ([TcO, i), O: 0.55X 1074 M, @: 0.82X10"* M,
0:1.08X107*M, W: 2.71X10* M. Irradiation temperature : 17+3 C.

Solid lines are a guide for eyes.



79

From knowledge of aqueous chemistry of T, it is reasonable to consider that both Te(VI) and Te(V)
species undergo disproportionation reactions; Te(VI) + Te(VI) — Te(VID + Te(V) and Te(V) + Te(V) —
Te(VI) + Te(IV) [18]. Hence, we consider the following scenario for the production of TcO,#H,0 colloids
from TcO,”; 1) the reduction of TcO,” by e,,” to produce Te(VI), 2) a disproportionation reaction of Te(VI)
giving Te(V), 3) Te(IV) formation by a disproportionation reaction of Te(V), and 4) solidification of
TcO(OH), as colloids. In the solidification, the concentration of the product Te(IV) (as TcO(OH),) of the
latter disproportionation reactions increases and exceeds its solubility.

To estimate the consumption quantity of TcO,~ ions in the reduction processes along with the above
mentioned scenario, we simulated the radiolysis process by using the software FACSIMILE (AEA
Technology). In principle, the program translates sequences of chemical reactions into a set of
differential equations. These equations are solved by numerical integration after specifying initial
concentrations, radiolytic yields of chemical species, rate constants, doses per pulse, pulse durations, efc.
The pulsed irradiation by the LINAC with pulse duration of 3 1 1s simulated by the FACSIMILE code.
The data set for radiolysis of water is given by Sunder et al.[19] and Mezyk et al. [20]. When {-butyl
alcohol is contained in the target solution in sufficient amounts, OH radicals are effectively scavenged
by t-butyl alecohol. This scavenging eliminates unknown oxidation reactions of Te(VID), Te(V) and Te(IV)
with OH, giving a more simple system for the simulation. As for the reduction of pertechnetate, the

following reaction sets were used :

Te(VID) + € Te(VD) (k=25%X10°"M st [11]) ()
Te(VI ) + Te(VI) — Te(VID) + Te(V) (k=1.3X108Mts t[11D) 3
Te(V) + Te (V) — Te(VID) + Te(IV) (k=13X108M's™Y @)

The rate constants for Reactions (2) and (3) are taken from the literature [11]. The unknown rate
constant for Reaction (4) was assumed to be equal to that of (3). The scenario for the reduction of
pertechnetate is triggered by the bimolecular reaction of TcO,~ with e,, , and Te(IV) is finally produced
by successive disproportionation reactions of Te(VI) in Eq. (3) and Te(V) in Eq. (4). The number of Te(IV)
species experimentally found as colloids is plotted in Fig. 5 against the calculated number of TcO, ions
consumed in units of mM. The data scattered around the solid line of the 1:1 relation between the
experimental and calculated data, revealing that above mentioned scenario for the reduction of TcO,~
ions should be a main route for the Te(IV) production. In Fig.5, however, the experimental values seem
to be slightly larger than the calculated value giving a higher slope compared to the 1:1 line. Other
possible reduction reactions of TcO,~ ions would be initiated with H radicals that were not effectively
scavenged by f-butanol, because the reduction reaction of TcO,” ions with H radicals was not involved in
the above simulation. The rate constant of the reaction between H radicals and t-butanol is
comparatively small (¢ = 8X10* M™* s™* [21]) and unscavenged H radicals might reduce TcO,  ions
partly. However, the principal reduction process of TcO,~ ions should be governed by hydrated electrons

because of the large G-value.

4-2. Colloid generation process

The tiny TcO, * #H,0 particle of 2 nm in diameter shown in Fig. 2(b) must be a particle that is
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between experimental and calculated values.

stabilized in the solution immediately after the colloid generation. Generation of such tiny particles
would be explained by a mechanism proposed by LaMer [22]. The LaMer mechanism describes that
solidification of solute in a solution is initiated at the solute concentration much higher than the
solubility; so-called supersaturation. A fingerprint of the supersaturation of Tc(IV) species, which would
be a precursor of the tiny TcO, - nH,0 particles, is the existence of a threshold dose seen in Fig.4. The
colloid formation is clearly detected as the fraction of TcO,~ just begins to decrease at the threshold
dose. Namely, radiolytic reduction of Te(VII) to Te(IV) proceeds to attain the supersaturation condition.
The concentration of Te(IV) or consumed amounts of TcO,” even at 0.01 kGy obtained by radiolysis
simulations with the FACSIMILE program was higher than the solubility of TcO(OH)y; i.e. in the range
between 1078 and 10~ 7 M [23, 24]. The value of 0.01 kGy is quite small compared to the threshold of 0.4
kGy seen in Fig.4. This implies that the concentration of the Te(IV) species at the threshold is much
higher than the solubility of TcO(OH),, attaining the supersaturation condition. The chemical form of
this highly soluble Tc(IV) species is unknown, although Vichot suggested that soluble Te(IV)-O polymers
would be a precursor of TcO, * nH,0 [25].

Based on the LaMer model, Sugimoto [26] described a colloid generation mechanism that dealt with
emergence of nuclei with sizes distributed around a thermodynamically stable critical size would
appear under the supersaturation condition. Nuclei smaller than the critical size quickly dissolve again,

while larger nuclei grow through the Ostwald ripening, resulting in the colloids having suitable sizes
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stabilized in the solution. In the present case, it is speculated that the concentration of the Tc(IV)-O
polymer species increases with an increase of absorbed dose, and that the stabilized colloids or tiny
particles of 2 nm in diameter of TcO,+#nH,0 appear through the above mentioned processes. Finally the
aggregated colloids consisted of the tiny particles are formed as shown in Fig.2(b). Although much
remains to be solved to understanding of generation mechanisms of TcO,*#H,0 colloids, it is to be noted
that identification of Te(IV)-O polymer species and the determination of the critical size of the TcO, *

nH,0 colloids are essential subjects of matter.

§ 5. Conclusion

The TcO, - #H,O colloid was radiolytically formed by the irradiation of TcO,” solution with
bremsstrahlung from a LINAC. The colloid particle produced at 17+3C consisted of tiny particles of 2
nm in diameter, whereas round-shaped particles were formed by the irradiation at 40°C. The reduction
of TcO,” proceeded mainly through processes involving a bimolecular reaction of TcO,” with e,
followed by successive disproportionation reactions of Te(VI) and Te(V).

The colloids produced in the Ar-saturated solution were very stable (more than 8 months at least)
against further coagulation. The colloids in neutral solution had a negative charge that would stabilize
them in the dispersed solution. The occurrence of tiny particles of TcO,*#H,0 of 2 nm should be a clue to
understanding its generation mechanism. Such tiny particles would be stabilized in solution

immediately after the generation of nuclei of colloids.
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Removal of Radioactive Nuclides with Nickel Alginate
Microcapsules
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Nickel Alginate microcapsules enclosing inorganic ion-exchangers (ferrocyanide and clinoptilolite)
and organic extractant (DEHPA) were prepared by gelling the kneaded sols. The metal ions of Cs”,
Sr*", Y**, Eu®" and Am®" were readily absorbed on the microcapsule within 6 h and relatively high
uptake percentages above 90% was obtained. The uptake of metal ions followed a Lamgmuir-type
absorption equation and uptake capacities of Cs*, Sr?*, Y°* and Eu®" were estimated to be 6.27X107?,
1.11X1072, 5.09X10°2 and 1.73X 10" ' mmol/g, respectively. The microcapsules were thus effective for

the simultaneous removal of radioactive nuclides from waste solutions.
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§2. £ E&

2.1 REHS LCHEBA

i L 7= s & A & LT, BTEE O TR bRE SR EN A GDE 20, Cs &
FRHWERE LTI, 7027 At TH S NiFC, Sr BEU Co DEEHIEL T, RAEATA FTH
% Clinoptilolite (XA F CP), Y, Eu & Am Ot & LT, DEHPA filii#l 2 M L7z, 26 1 RKIZI,
A U 723k 3 KO A O R S AL AR 2R T

% 12 Inorganic ion-exchangers and organic extractants enclosed in the microcapsules.

[Inorganic ion-exchangers for Cs uptake]
-Ni-ferrocyanides (NiFC) :K,,Ni,,[NiFe(CN)4] - nH,0, x = 1.22

[Inorganic ion-exchangers for Sr-Co uptake]
-Clinoptilolite (Natural zeolite, CP)* :Nag[(Al0,)s(Ai0y)5] + 24H,0

[Organic extractants for Y-Eu-Am extraction]
-DEHPA :di-(2-ethylhexy) phosphoric acid
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BT OFIETIT >
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Fote. FRITEEHIZ S B L AR L, 0.5 M NiCL HRICH T U7z, 1 F & IR B &
UL R v — % — BBk U, Ay, 40C THE L. M LA 2 087 1ILatkio SEM &%
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.0kV X50.0 480 4m

1 SEM image of spherical microcapsule (NiFC/CP/DEHPA/NIALG) prepared from
the kneaded sol consisting of 0.1 g NiFC - 0.1 g CP - 0.1 g DEHPA and 50 cm”® of
NaALG solution (1.5 wt.%, 500~600 cP).
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52 Uptake rate of various metal ions for CuFC/CP/DEHPA/CaALG (close) and
NiFC/CP/DEHPA/NIALG (open) microcapsules in the presence of 107 M HNOs.
V/m 100 cm®g; carrier concn. 10 ppm, [Am®*]: 2.1X107° M; 25C.
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%53 Uptake percentage of various metal ions for CuFC/CP/DEHPA/CaALG (close) and
NiFC/CP/DEHPA/NIALG (open) microcapsules in the presence of 107 M HNOs.
V/im 100 cm?¥g; carrier concn. 10 ppm, [Am?®*]: 2.1X107° M; 25C.
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H4 SEM image of the cross section of NiFC/CP/DEHPA/NIALG microcapsule.
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%5 EDS spectrum of metal ions adsorbed on NiFC/CP/DEHPA/NIALG microcapsule.
(a: NiFC, b: CP, c: DEHPA, d: NiALG)
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H6 Adsorption isotherms of various metal ions for NiFC/CP/DEHPA/NiALG microcapsule.
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0B Langmuir plots for uptake of Y.
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%9 Uptake rate of various metal ions for microcapsule in the single (open) and mixed
solutions (close).
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Diffusion Parameters Dependent on Atomic Transport
Mechanism for Self-diffusion in Copper

S.-1. Fujikawa

Graduate School of Engineering, Tohoku University, Sendai 980-8579

The self-diffusion coefficients of Cu in copper single crystals in the temperature range from 980 K
to 1351 K were determined by the serial sectioning method using the self-made tracer ¢’Cu. The
temperature dependence is expressed by D = 2.62X107° exp(—199 kdmol /RT) m*s. A slight
curvature was observed in the Arrhenius plot of the self-diffusion coefficients near the melting of
copper. The result was analyzed using the monovacancy-divacancy model, showing that the
contribution of divacancy to the self-diffusion in copper at high temperature range near the melting of
copper cannot be ignored. The self-diffusion coefficients in the present work were compared with the
other copper self-diffusion works for volume diffusion, grain boundary diffusion, surface diffusion,

diffusion in nanocrystal and liquid of copper.
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F1 Schematic diagram the equipment for Bridgman process used in the present work.
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%54 The schematic diagram of microtome equipment for serial sectioning of diffused
specimens.
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57 Temperature dependence of self-diffusivities of copper obtained in the present
work, in comparison with the data for self-diffusivities in liquid copper.
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Table 1. The diffusion parameters for various self-diffuson of copper

. . . prexponential temperature
diffusion purity factor, D, Q (kJ/mol) references
(m?/s) range (K)
volume 5N 2.62X10°° 199 980 - 1351 | Present work
volume 5N 7.8X107° 211 973 - 1333 Ref. 1
volume Al<10 ppm, 8.70X107° 212 1010 - 1352 Ref. 2
7Zn<10 ppm,
Mo<5 ppm
grain boundary 5N8 3.89X107" 72.5 993 - 1339 Ref. 5
grain boundary 5N 1.16X107" 84.8 1057 - 1246 Ref. 5
surface 2.6X107° 86.6 773 - 1233 Ref. 6
surface 4N7 6.3X10°° 114 1163 - 1288 Ref. 7
nanocrystal 3X10°° 61.8 293 - 393 Ref. 8
liquid copper 1.32X10°° 61.8 1419 - 1525 Ref. 9

*(6Dy)°, (m?/s)

FXNWARICB T 2 EOECHIBURE I D R0 REL, FIEHEHEDSHD ThS W D5,

%81 BIORUESEOIBUSNT A—F —2AWT, MICBIT5EE (573K B L URER TOREOILHR
FEHELULMRERE2RIORLE. COBBRICLDE, AR THSNE Dy BLYQ NHEIRE L KIRT
DOD* I OFFZEHIZ LD D, & D BENENS KEWA, D, REILHRE D, B XUT / flid b OILH AR
D EDHNRVNINT ENDND. £ DI D KD BMHTAREL, D, BEU D KD BENSHS/N

Table 2. Comparison of various self-diffusivities of copper.

diffusion D (m*/s) references
573 K 1356 K
volume 1.9X107% 5.66X107" | Present work

volume 4.27X107* 5.66X107* Ref. 1
volume 4.20X107* | 5.99X10°" Ref. 2
grain boundary (5N8) | 1.93X107" | 1.26X10"° Ref 5
grain boudary (56N) | 4.36X107"* | 1.26X10°° Ref. 5
surface 3.3X107" 2.58X107° Ref. 6
nanocrystal 6.98X107" Ref. 8
liquid copper 3.72X107° Ref. 9

XN LIEKEN, BATIE, 3HEO D REE-RL TV, TOHAE, D, D, BIU DA -5~/
K—HL TWa Z LI EZE X5 L THEELEDN S,
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—HEIT fee ©JE D Bk I BT D HOEIEBIRROREKERRZ, WHO DB HEAETIIICELS
L RQOE B 1ADT Lo ARIIRD- T, BEHEITARTERENB[12]
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= D"V exp(—QY/RT) + D*" exp(—Q*IRT) @)

ZZTIEDVBEU DV ITHEARIOEZIIC L 2 HOAIEBRETH 2, R@WOBEORITI DY BIN
DVIZHIRNT BT L AL TH D, KOZFE7THRISRLUZBIERBRICUTIZY, HFESHTICE> T KOD
BENTA—F —%RDDE, REAXDEDITIRD,
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8 The deviation of the individual experimental self-diffusivities from the calculated
values for monovacancy diffusion.
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KL —H—6Cu ZFELL, Cu OHEIEHZMOOEE 2L THZELE. BoNHRIIROEO TH

%,

1) 'UTZIEY T a7 ETI80~1351K D E & T H CAILBUIREZ RE L 72,

Q) BB OBEKEEE 1AD7 LA 7Oy NTEHETED L LARDEHRICK D E, TORE
&FMIE, D = 2.62X107%exp(—199 kdJmol '/RT) m*s TREN %,

@) HZefl - BT THOERILEUIRK OIRERFERBN L, RAOEEOEWRETIE Cu OHCHK
BANOEEAEOTENEHTERNE NI HRERET

@) ARFZETHE SN HOERIEEURE & MBI & 5 Cu OB OARILERE, Ao SEEREB L UH
CETELHURE s 5 IR B L OO T / fE R B0 5 B OARIEEIRE & 2 ikt U 7.

ml.

P

DI FIA T E O RIELT, EALRFRFGEENERE TSR OEF o1y 7 2HNT
FolrbDTHD, RO TN —T KB ETEN -, & 51T, AL —ERI36 B ARG =N
PR D TR OREEMER OBZEZITTITo2bDTH S,
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Chemistry of Carrier-free ‘Be Isotope for Diffusion in Metals

S.-I. Fujikawal, H. Yuki?and T. Ohtsuki?®

Department of Material Science, Faculty of Engineering, Tohoku University, Avamaki, Aoba, Sendai 980-8579
2Laboratory of Nuclear Science, Tohoku University, Mikamine, Tathaku, Sendai 982-0826

Carrier - free "Be has been produced respectively by "Li(p,n)’Be and *B( 7 ,p2n)’Be (as well as
UB(7,p3n)"Be) reactions using the Cyclotron and Electron Linear Accelerator. Radiochemical methods
for purification of the carrier-free radioactive "Be isotope from the irradiated lithium and boron
compounds

have been investigated. A simple separation scheme is proposed.

§ 1. Introduction

The "Be radioisotope (53.2 days of half-life and 7 emitter of 478 keV 7 -ray) is a greatly important
radioisotope for physical and/or chemical studies as a tracer for a diffusion process [1] in materials
science and environmental research [2], etc. due to the appropriate half-life and the simple nuclear
structure. The "Be isotope can be produced by using nuclear reactions, namely "Li(p,n)’Be with a
Cyclotron, 2C(7, @)"Be or ’B(7 ,p2n)’Be (a photonuclear reaction) with an electron linear accelerator,
respectively. For a separation method of "Be radioisotope produced from a irradiated target, several
methods have been presented so far, however, the methods are including complex procedures and needs
a longer time in some cases [3-5]. Therefore, it is desired that an easier and less troublesome technique
is developed to separate the carrier-free "Be isotope from the target materials.

In the present work, we show a convenient method for the preparation of carrier-free "Be isotope by
using a cation-exchange column alone, for the samples produced by "Li(p,n)"Be and 'YB(7 ,p2n)"Be

("B(7,p3n)"Be) reactions.

§ 2. Experimental Procedure

Two different reactions were used in order to produce the carrier-free "Be isotope, one for the
Li(p,n)’Be with a cyclotron and another for “B(7,p2n)’Be (as well as B(7,p3n)"Be) with Linear
electron accelerator, respectively.

1) For the "Li(p,n)’Be reaction, about 50 mg of a highly purified lithium carbonate, a powder form of
Li,CO; (99.997 mass %), was pressed in a disk form and used as a target. The Li,CO;disk was wrapped
in a pure aluminum foil of 10 £ m in thickness for irradiation. The irradiation with 16 MeV protons was
performed at the Cyclotron Radio-Isotope Center, Tohoku University. The beam current was typically 1
1t A and the irradiation time was about 6 hours. The sample was cooled with He-gas during irradiation.

2) For the B(7,p2n)"Be ("B(7 ,p3n)"Be) reaction, about 50 mg of boric acid, a powder form of
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H,BO, (99.997 mass %), was also wrapped in a pure aluminum foil of 10 £« m in thickness and sealed in
a quartz tube of 10 mm in diameter as a target. The irradiation with the bremsstrahlung (50 MeV
electrons) was carried out at the Electron Linear Accelerator, Laboratory of Nuclear Science, Tohoku
University. The pulse width of the electron beam was 3 1 s, and the repetition rate was 300 pulses/s.
The sample in a quartz tube was placed horizontally on the axis of the electron beam in close contact
with the back of a platinum converter with 2 mm in thickness and cooled by running tap water. The
average beam current was 130 1t A for 50 MeV-electrons during the irradiation for 6 hours.

The irradiated Li,CO; ("Be) and H,BO, ("Be) targets were transferred into separate beakers of 100
ml and were dissolved in a small volume of 6N hydrochloric acid (HC1). Then, two solutions were
evaporated to dryness by using an infrared lamp and a hot plate to convert to the chlorides. The
chlorides, namely Lithium chlorides and Boron chlorides, were found to have a white porous crystal.
Both the chlorides were dissolved again in 3 ml of 0.05 N HCI to charge the column. A Dowex 50W X
8 (100-200 meshes) resin was used in H*-form which had previously been equilibrated with 0.05 N
HCL. The resin column used here was 10 mm in diameter and 100 mm in length.

Firstly, for the irradiated sample of Li;COs ("Be), the solution of 3 ml (0.05 N HC) included the
irradiated materials was charged in the column and added 5-column volumes of 0.05 N HCI. All elution
treatments were performed at a constant flow rate of 1 ml/min. While the solution was passed through
the cation-exchange column, the "Be and Li ions were absorbed on the resin bed. Then, after adding 5-
column volumes of 0.7 N HCI for the column of Li,O; ("Be), the eluted fraction was collected in a beaker
and dried up to check whether a residue has remained in the bottom. A white porous crystal of the Li
chlorides was also remained in the beaker. The radioactivities of the porous crystal were measured with
a high-pure Ge-detector. It was found that no activities were observed in the residue crystal (the Li
chlorides). Finally, 3-column volumes of 3N HCl was added in the column to elute the "Be isotope. All
the fraction was collected in the test tube by 4 ml and evaporated to dryness. No residue such as a
white-porous crystal of Li chlorides was seen in the bottom of the test tubes. However, the
radioactivities ("Be) alone were observed in the test tubes.

Similar procedures were applied for the irradiated sample of H,BO, ('Be). After adding 5-column
volumes of 0.05 N HCI for the column, the eluted fraction was collected in a beaker and dried up to
check the Boron crystal. A white porous crystal was also confirmed in the beaker. The radioactivities
were measured with a Ge-detector, but no activities were also observed in the crystal. We found that the
"Be isotope alone was kept in the resin bed with 0.05 N HCL After the "Be isotope was eluted into the
test tubes with 5-column volumes of 3N HCl, the radioactivities of the fractions were also measured. It

was also found that the "Be isotope were observed in the test tubes.

§ 3. Results and Discussion

The 7 -ray of each eluted fraction in samples was measured with a Ge-detector. One of the spectra
for the "Be fractions from the column of Li,O; ("Be) was shown in Fig. 1. The photopeak corresponding to
"Be (the 478 keV 7 -ray) was observed and no other radioactivities from the impure materials (a

contaminant such as copper, iron, etc.) were seen in the spectrum except the natural radioactivities of
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Fig.1. Typical 7 -ray spectrum of the "Be fraction, an eluate of 4 ml in the test tube, from
the column of Li,0; ("Be).

“9K from the environment (background radioactivity). Therefore the radiochemical purity of each final
product was ascertained by measuring the 7 -ray spectrum. Similar 7 -ray spectra for the "Be fractions
from the column of H;BO, ("Be) were observed.

The elution behavior of "Be isotope is shown in Figs. 2 and 3 for the irradiated samples of Li,CO;
and H;BO,, respectively. As can be seen in the figures, radioactivities of the carrier-free "Be
radioisotope from the target materials were observed in the fractions (No. 24-34 in Fig. 2 and No. 19-24
in Fig. 8). Furthermore, no residue was observed in the test tubes of the fractions after dry-up. The facts

suggest that only the "Be radioisotope populated the fractions with no contaminant.
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Fig.2. The elution behavior, a radioactivities measured with a Ge-detector, of "Be isotope
with 3N HCI as a function of fraction number for the sample of Li,05 ("Be).
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Fig.3. The elution behavior, a radioactivities measured with a Ge-detector, of "Be isotope
with 3N HCI as a function of fraction number for the sample of H;BO; ("Be).

The total activities of the "Be isotope produced by "Li(p,n)’Be reaction is estimated to be about
twenty times greater than that produced by ""B(7 ,p2n)"Be reaction (see Figs.2 and 3). The difference in
the specific activities of the "Be isotope produced depends on the cross section of Li(p,n)"Be and “B(7,
p2n)"Be reactions. Even though the specific activities produced by the photonuclear reaction are smaller
than those produced by the proton-induced reaction, the bremsstrahlung irradiation makes it possible
to produce a large quantity of sample.

In the previous work, a precipitation method for the removal of some impurities (a contaminant
such as copper, iron, etc.) was adopted in the chemical separation procedures even if an ion-exchange
method was used [5]. Highly purified target materials, such as samples of 99.997% for Li,CO; and/or
H,BO,, can be obtained commercially at present. Therefore, an easier procedure for the preparation of

the carrier-free "Be isotope is getting developed.

§ 4. Conclusion

The results suggest that "Be isotope can be produced by the "Li(p,n)"Be and *B(7,p2n)"Be ("B(7,
p3n)"Be) reactions. A chemical separation procedure using a cation-exchange method for the
preparation of the carrier-free "Be isotope can be successfully applied even for the separation of
neighbor atoms such as Li, Be, and B. The chemical yield of carrier-free "Be isotope throughout the

separation procedure was proved experimentally to be more than 98 %.
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Chemical Characteristic of Antarctic SNC
Meteorite YO00593
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Three activation analysis methods, that is, prompt gamma ray analysis, instrumental neutron
activation analysis and instrumental photon activation analysis, were applied to Antarctic nakhlite,
Yamato-000593 together with Nakhla and other shergottites for the non-destructive determination of
major and trace elemental contents. Powder samples representing six different portions within
Y000593 were analyzed for discussing the chemical heterogeneity. As a result, major elements are
homogeneously distributed within +7%, and trace elements are homogeneously distributed within
+11% except for H, B, Cl, Br and rare earth elements. Based on similarity of chemical composition,
crystallization age and cosmic-ray exposure age between Y000593 and Nakhla, these two meteorites

were estimated to leave same meteoroid and to fall at separate point of the Earth.

§ 1. FLBHIC

A, NEECMOBEOHIEEL SN T WD, ZTOHT, SNCBALIFIN D V)L — 71
shergottite, nakhlite, chassignite ® 3 DDOH 77 ) — TSN, BRFEMAER ED S [H—RERAEK
MOEERHDEEZILNTWS, ZL T, SNC BAICER SN TSN X DRINAKRHENSKEICEREL /-
INA F 2 TBRERICE S THIE SN2 KBERQHP ORI ARMAEMR E XS —HLTWD I &0, fHfbEF
RO AR TEHENWZ LR EDHBIZELD SNC BRIZAERFEOEATHDEEZA SN TN,

200041 MR REIC T H A X 11 72 Yamato-000593 I3 nakhlite IZ 89 5 BAT H %5, TN XTI
nakhlite |& Nakhla # 13 U FH6 HL N AD0 > TH 5T, Y000593 IERMARETIZIUD TRAS N
nakhlite TH 5,

AT, 3 RO IEBEE A/ HTE, BVS BISE v #0471k (PGA), B P 7 i b o ik (INAA)
T O Mg B T i TPAA) % WL TY000593D L # L & SR8 /2. Y000593 13 13.7kg [ E
NTHY, TESMOE BT 2R OB TH 2, £ 2 TY000593D B & D 5 7s % fir il T
Bl B, ThENoiizirn, TEMMOE I OWTREG Lz, £/, BohizfbFkicEoE,
Y000593 & Nakhla OBIRIZ DWW TR L /=,
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§2. £ E&

AR TRWRENS, ESIEHIZEET N SR S N2 B ARG Y000593 TH S, Y000593 /4 DHT
FNFNE em M5 105 em BEN-AIE TEHS 2g~3.5g OiEL 6l (FNFH Y000593, 40~Y000593,
45 R ZERIL 7=, 8RE2 0 09 AsZ AN THE-ITHERICL 2%, MWk, £z R
Nakhla, 55 (nakhlite) D734 17> 72, PGA, INAA RN IPAA IZEL 2 EED 2D DHBEELL T,
FERTHNEREFEL >y —h oSN TS JB-1 (XRA) 7213 Smithsonian Institution 7 5 ALAf
INTWS Allende FEARARIZ W, F£z, —HOTHEICDOWTIIEME AR 2 g & Uiz, B
T, BHEHEITEDRIE 2R,

PGA : FyARIRFBHIL100mgZE M7 v LT F L > A7 vk 7 OE L > 7 1 )L ARIZAN, HART HE7ERT
JRR-3M EBR— VN DRI v B HTEEICE D, £ 1 R b TR L7t S BIFE v 2 e L7z,

INAA : B ARRABHI50mgZ R Y TF L 2 8RIZ AN JRR-3 PN-3 IZ T1OMMIH T2 RFL, 22612y
BWAEBELE, Z0%, RiaEEZ JRR-4 T /531 72T 1 275N 207 MRS U, HEE LK% RI 9L hE
BN T Y A R R B T B E] o RR A E U T

IPAA : PGA IC X DT L 723 Bt 5 B4950mg ZHiEI9% D Al T —HIZaA, EElem DXL v MR
R L CTREREIE Lz, 22, flux ZRIET252008EE —MICARENICEERALLZ. Iz
SEAL KA B TR R AR 95 fti 3% R T AR I 28 12 TR T3 )L F — 30MeVO HlB U #R T30S L, 7=
FHIZr EREL . 0%, Rilki2z 3HM300 e L, B A FRIIFUIEIC T INAA &R
T2 E 21T > T2

§3. BREER

3D DIEMIEMIH LML Z A GO D I LI D28 LHENERTE -, B 1 KM EH 2 KIZ, Y000593,
4071 5Y000593, 45 ZNFNDOERIMZ TN S Ol THREL L 2E2 R L 2. M2 6 B TOER
HOEBIEEZERERSE 1 0 THIZEDRLE. ZhS OFEREOIE S DX LB O —HIC XD HD
EHIEHKALBHOM NG ENT NS, FECKEERITOMICEST EDLHELRR2~3.5g B TIE+
6 ULANTHE ML TWBZ ENDMND T, £z Mn iZFHCH I L T, METCHREITER
THELDREBOIE S DEMNAEN, KT Cl & Br DIF 5D EMRENA, 7 BIHIEIC & D HMHERZED
K60%H D, ITHDEDERFERD—DEEZ 5N, HIL Y000593, 45D A D 5 D DKL D L7{HK
<, ThaER &£ TUNTH—TH 7=, Y000593, 45 OO M EITCHFEEIIML THD 5 DDtk
FT—FNI W, —F, Y000593, 421, fOilklk D METLHRBEIIRE <, T OMEMAIFHICH LETH
T# LW, Y000593, 45&Y000593, 42%Fk< &B, Cl, Br, H U OMBEITLHEIIL1IIBNTH—-THo /.
1256 R TIZE17%NTE —Tdh > 7z,

% 1 12 Nakhla, 55& Y000593 O E&fE % Lodders [1]1Z & % Nakhla @ fRffE & & ® IZ/RL 72
Nakhla, 55 D AFFFE1Z & % i Bl Lodders [1]1C X DMREMEIT LA EDILE TRARENTE S —HL
72735, Na, Br, Rb I3#REME D 20~30%KEW, X512, ClIFMmEMED H105L ERE W, Nakhla, 55
13 NASA O H i BHHiEER 1 THONERD 5 IS 728, 2 iralkl iR B E AT £ TR iz s S
TWer=, HERETOHERIZIETFICE ZIC< W0, AFFET D Y000593 H D Cl £ A #8075 110ppm
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(1o) TrUz. S FE I FREEERE D m W IeED SRRz,
FTEHLTNDHIEEZEZDE, CLIZEFEIIAY Il TWLZEERRLTNRLEDOTHS D, Cl
OHMEMIZIFZEAERL, Br LEBITEEISRLIFPMNPBETH D,
Nakhla & Y000593 @ 6 it Bt EHEIL, £ < DLHRICBVWTRARHMN TR —H Lk, iz, WD
MOIEFETIE Nakhla OF B3 Y000593 D 6 it Bl BEDZBNICB S £/, 727 L, Y000593 H
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Nakhla,55 Nakhla Y000593
AL Lodders (1998) I fiE ITON[N /ME?
Na [0.459 + 0.003| 0.34 =+ 0.05|0.452 = 0.013|0.468 + 0.003|0.430 £ 0.003
Mg | 7.15 £ 043 | 7.3 *= 0.2 |625 * 022|649 £ 039|595 £ 0.35
Al | 1.02 + 0.02]0.89 £ 0.11|1.12 £ 0.05|1.19 = 0.02|1.07 £ 0.02
Si [229 £ 10 227 £ 08 |228 = 12 |247 = 11 213 £ 1.1
_ K |0.114 + 0.005|0.107 = 0.019/0.120 = 0.007|0.126 *+ 0.006|0.109 £ 0.006
FETR %)

Ca | 110 =+ 03 105 £ 05 [10.1 £ 03 |105 £ 03 | 9.7 = 0.3
Ti |0.210 + 0.005|0.202 £ 0.025|0.224 = 0.015|0.246 = 0.006/0.207 £ 0.005
Cr [0.197 £ 0.002|0.177 £ 0.028(0.177 £ 0.011|0.191 *+ 0.001|0.165 £ 0.001
Mn |0.407 + 0.009|0.382 = 0.31 |0.423 * 0.004|0.428 £ 0.010]0.421 £ 0.009
Fe | 156 = 06 |160 = 12 |174 * 04 |178 £ 0.7 |16.8 = 0.7
H | 560 £ 32 842 + 233 |1305 £ 48 | 673 £ 37
B | 247 £ 0.20 4.6 2.53 *+ 0.60]|341 + 023|187 = 0.17
Cl |1053 £ 101 80 91.3 = 198|159 = 8 | 799 £ 3.6
Se |554 = 0.1 | 51 = 4 |562 £ 19 583 £ 0.1 |[535 = 0.1
V | 211 £ 6 192 197 £ 6 208 = 6 191 = 6
Co 498 = 06 | 48 = 5 |495 * 3.7 |537 £ 06 |448 £ 05
Ni | 71.0 = 24 90 65.2 = 6.7 |726 £ 21 |563 £ 24
Zn | 568 = 1.7 | 54 = 11 |75.7 £ 6.8 | 8.6 £ 23 |671 = 2.1
B Eppm) Br [532 £ 053] 45 £ 02 |1.01 £ 042|172 = 063|061 £ 1.32
Rb | 5.02 £ 021| 38 = 08 |319 = 023|349 £ 016|290 £ 0.12
Sr 585 = 7.4 | 59 + 10 |67.5 £ 280|881 £ 76 |655 £ 5.5
Y 393 + 0.16| 3.3 £ 1.1 |475 * 0.80|591 * 019|358 £ 0.15
Zr 1999 + 029| 88 = 1.0 |107 £ 09 |120 £ 0.3 |9.78 = 0.28
La | 237 += 005|206 £ 033|252 £ 0.34]294 * 0.05]|197 = 0.06
Ce | 601 £ 0.17|5.87 = 037|693 = 067|796 £ 0.19]6.22 = 0.16
Sm [0.856 + 0.009| 0.77 = 0.08|1.02 £ 0.15|1.23 £ 0.01 |0.777 = 0.010
Eu [0.255 £ 0.013]0.235 £ 0.030|/0.300 = 0.045|{0.381 *+ 0.022|0.254 £ 0.018
Lu [0.055 + 0.008]0.055 = 0.007]0.068 = 0.007/0.074 * 0.009/0.059 £ 0.007

1) 6 B OH TOREKIEE
2) 6 B OH TOR/NEE

¥ 2% Y000593 & Nakhlad st (b A & T #R IR £

Y000593 Nakhla
fE AR 1.33Ga (K-Ar)” 1.3Ga (Ar-Ar)?
11M (%H )3)
TR IREHE 12.16Ma (*"Ne)" anue

12Ma (*'Ne)*

1) R. Okazaki et al. (2002) [2] K-Ari%. *NeifiZ & 2 FM

2) D. D. Bogard (1995) [3] Ar-Ari%iZ &K % F4R
3) M. J. Drake et al. (1994) [4] *HelZH: D <4FEAR
4) M. J. Drake et al. (1994) [4] *NelZ£D < H
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BT, EE—B L TWBERALTEINWTH A S, £/2, Y000593 & NakhlaD#LER GB2K) 1d&
H171.3CaTH B2 END, MBGIZAEDRUMEN S b5 S N/zlaunching pair TH 2D EHEZ HN 5.
%, Y000593 & Nakhla® FEEIHEN (B 2FK) 32N N122Mall1~12MaTH D, FFIHFLWI &
M5, WA —meteoroidiZ/BL, HEAICHMNLIE, FIDOWTHIERD R & DHSICHEFLIZEEA
5N %,

ﬂlll-

i 2
AWZE13 Yamato nakhlite consortium FFZED—2 & L Tfrbi, Y000593 WX EZAMATFLRT L D L

TW/=7117=. Nakhla, 55/ M. Gardy 12 & DL T2/, PGA & INAA (3BT AR S R FH
Bz & D Fibz, IPAA 2175 12572 0 BB AR IR 72 & TUT BURHIE IS B W TRALR FRZ IR B 2
2 - KM EERBTH LI nEE 0w, RSEHT 5.
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A Test of Radiation Hardness of Magnetic Fluid

A. Yoshida!, T. Suda ', T. Kubo!, T. Ohtsuki 2, H. Yuki *
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The radiation hardness of a magnetic fluid used for a vacuum-tight rotating actuator was
investigated. A high intense electron beam of 50 MeV with 1404 A was converted to 7 -rays with the
dose rate of approximately 50-150 kGy/hour and irradiated to a sample of the magnetic fluid. No
significant change on the viscosity was observed up to the total dose of 0.5-1.5 MGy.

§ 1. Introduction

The in-flight radioactive-isotope (RI) beam separator BigRIPS [1] is being built at RIKEN for the RI-
beam factory (RIBF) project [2]. The power deposit in the RI-beam production target of the BigRIPS is
quite high. It is expected to be 22 kW, for the case of **U primary beam at 350 AMeV bombarding a Be
target of 5.4 mm (1.0 g/cm? in thickness. The beam spot size is expected to be as small as 1 mm in
diameter. The power density on the target surface becomes quite high as 28 GW/m®. In order to avoid
the target melting, a water-cooled rotating-disk target is being developed [3]. Since the estimated dose
at the target system is high as a few MGy/year, we must know the radiation hardness of the materials,
which will be used in the system. A vacuum-tight rotating actuator is indispensable for this system. In
the actuator, the magnetic fluid is used as liquid "O-ring" to keep the vacuum. There is, however, no
data on its radiation hardness as far as the authors know. The compositions of the magnetic fluid are
metal powder of magnetite and organic materials of solvent and surfactant. The critical dose of the
magnetic fluid is estimated as several 100 kGy up to a few MGy that corresponds to the critical dose of
vacuum oil reported in the reference [4]. In order to make it clear, a high radiation test was performed

at LNS, Tohoku University.

§ 2. Experimental Procedures and Results

The experimental setup is displayed in Fig.1. A high intense electron beam of 50 MeV with 140 1t A
was bombarded on a water-cooled Pt radiator with the thickness of 1 mm and was converted to 7 -rays.
The charged particles are swept out by using a magnet located at down stream of the radiator. The 7 -
ray was collimated by the Pb slit and irradiated a sample of the magnetic fluid. The magnetic fluid
sample used [5] was a composite consists of ferromagnetic ultra-fine particles, which chemically
adsorbed surfactant and are well dispersed by the base liquid of perfluoro-polyether in order to form a
stable colloidal liquid. It is pointed out [6] that the magnetic fluid used to be damaged by high
temperature as higher than 80°C. In order to avoid heating up of the sample by irradiation, the fluid of
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Fig.1 Experimental setup.

lcc in volume was sealed in a small glass cell and was sunk in a beaker with flowing cooling-water. The
temperature of the sample was kept at 20 - 30°C.

The dose rate was measured by using two methods. First, two types of radiation sensitive color films
[7] that has a sensitivity for electrons, 7 -rays and X-rays were used and were stuck just behind the Pb
beam collimator. From the observation of the change of the color, the dose rate was estimated to be 50-
60 kGy/h and had uniform intensity distribution in a round shape slit of 56 mm in diameter. Secondly,
a calorimetric measurement was performed. We measured the temperature increase of the water in the
beaker that was well covered by a thermo insulator box. A gradual rise in temperature was observed. It
was 0.06°C/min of 1 litter water corresponding to 3.5 Watt heat loss by irradiation. The volume of water
irradiated was 250 cc defined by the Pb collimator and thus indicated the dose rate of 3.5 W/ 0.25kg =
50 kGy/h (Gy = J/kg). Both results agree well.

A simulation study to estimate the dose rate was also performed using the GEANT code. In the first
place, an energy distribution of the emitted 7 -ray flux at the sample position was calculated
considering the experimental geometry. In order to check the reliability of this simulation, the 7 -ray
flux was measured by using the "Au(7, n)'*Au reaction. We put several pieces of thin Au foil just
behind the Pb beam collimator. After a series of irradiation, the 7 -decay (E,= 357 keV) originated from
196A was measured in the offline analysis. The cross section of this reaction had been measured by
Livermore group [8] and has a large peak of giant resonance in the energy region of E,= 8 - 20 MeV. By
integrating the product of this cross section and the 7 -ray flux of the simulation, the yield of *Au was
calculated and compared with the obtained one. There was a good agreement. In the second place, an
energy loss of 7 -ray in the water filled in the beaker was simulated by the GEANT code. The result
gives the temperature increase of 0.16°C/min of 1 litter water, which is 2.7 times larger value compared
to the obsérved value. It must be noted that a small peak of E,= 413 keV originating from the reaction
of ¥TAu(n, 7)'%*Au was also observed, but the 7 -decay yield was 1/10 of the (7, n) reaction. Further
simulation work considering the dose rate of neutron flux is in progress.

From the results of these measurements, the sample of the magnetic fluid was irradiated at the dose
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rate of 50 k to 150 kGy/h, approximately. The total irradiation time was 10 hours, thus the total dose
became 0.5 M to 1.5 MGy, approximately.

After the irradiation, the degradation of the magnetic fluid was tested by using two methods. First,
we observed a formation of magnetic fluid spikes. A normal magnetic fluid placed near the magnet
shows a pattern of spikes on its surface. This is due to the growth of the surface instability. The spike
grows until achieving a balance of surface tension, magnetic force and gravity. The observation of these
spikes is one of the indirect methods to check the properties of the magnetic fluid such as surface
tension, viscosity and stability of colloid. Two pictures before and after the irradiation are compared in
Fig.2. We could not observe any difference between those two. Secondly, the viscosity of the magnetic
fluid was measured by using a thin tube viscosity meter. The magnetic fluid of 1 cc was injected into a
thin tube of 3 mm in diameter and was sealed in the tube in order to avoid scattering out during
irradiation. The thin tube sample was irradiated in a beaker with flowing cooling-water. A fall time of
the liquid through the thin tube was measured at room temperature of 20°C and compared in Fig.3. The
viscosity of the magnetic fluid is large as 3500~4500 mPa.sec, thus the fall time in the tube was slow as

40 sec. We could not observe also a big change.

Fig.2. Observation of the formation of magnetic spikes, before (left) and after (right)
the irradiation.

40 4 8- before irradiation | _ _ __ _
~—0— after irradiation

Time [sec]

32966ms

3
graduatior? number

Fig.3. Viscosity measurement of the magnetic fluid using a thin tube viscosity meter

(left).

A fall time of the liquid through a thin tube was measured at each graduation
(right).
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§ 3. Summary

Radiation hardness of a magnetic fluid was investigated by irradiating an intense 7 -ray converted
from an electron beam of 50 MeV with 140 /2 A. The dose rate was measured by using radiation sensitive
color films, a calorimetric method and a radio chemical method. It was determined as 50-150 kGy/hour,
approximately. After the irradiation, the degradation of the magnetic fluid was tested by observing a
formation of spikes and by measuring a viscosity of the magnetic fluid. No significant change was
observed up to the total dose of 0.5-1.5 MGy. A further high radiation test is under consideration by
changing the distance between the radiator and the magnetic fluid sample shorter than those of present

work.
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When the electron beam of high energy (150MeV) passes near the surface of a photonic crystal at
uniform velocity, optical radiation in a millimeter wave region is observed. It turns out that this light is
converted from the evanescent wave emitted by the electrons into propagating waves through the
photonic band modes in resonance. Since the previous measurements showed that a radiation peak
appeared in out of region above the mechanism, the experiments for specifying the origin of this
radiation was conducted. It was observed that intensity of the radiation increased for a 3D photonic

crystal of double layers.
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The radiation control system for automated locks, personal status, and recordings in the database
was developed at Laboratory of Nuclear Science (LNS), Tohoku University. It consists of the
Programmable Logic Controllers (PLC) for the entrance system and Windows PC. The PLC 1s controlled
with Fins Gateway and Compolet on the Windows PC through an ethernet. The SQL Server 2000 was
also installed on the Windows PC for database management. In the system, personal data such as
destination, purpose, working hours and radiation dose are stored in the database. Furthermore,
monthly report of personal data can easily be printed out by using the system. Personal status can be
checked by a status monitor of the accelerator in the operation room and the entrance of the radiation

controlled area, etc.
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Status Report of LNS Accelerator Complex in 2002

H. Hama, F. Hinode, A. Kurihara, M. Mutoh, M. Nanao, Y. Shibasaki,
K. Shinto and S. Takahashi

Laboratory of Nuclear Science, Tohoku University, 1-2-1 Mikamine, Tathaku-ku, Sendai 982-0826

Operation status of an electron accelerator complex at Laboratory of Nuclear Science, Tohoku
University is reported. After a completion of a new building containing an experimental vault, the
inspection for the radiation safety was done in the beginning of October, 2003, so that most of user

machine time was consumed in the latter half of the fiscal year 2002.

§ 1. Operation Statistics
Experiments at the low energy beam line of the linac were performed through the entire FY. Total

machine time consumed in the FY 2002 is summarized in Table 1.

Table 1. Details of the linac operating mode and total operation times in the FY2002.
Available period for the user machine time except the low-energy high-intensity mode
was about 6 months.

Mode EénMeé'\gg Rep(e;‘lcizt)ion STB ring mode Typical experiment  Time (h)
High intensity <50 300 (linac alone) RI-production 266
Pulse-beam 150 50 (linac alone) synchrotron radiation 144
Stretcher injection (I) 140 100 Pulse-stretcher nuclear physics 97
Stretcher injection (IT) 150 100 Pulse-stretcher nuclear physics 139
Booster injection (I) 150 50* 1.2 GeV Booster nuclear physics 320
Booster injection (II) 200 50* 1.2 GeV Booster nuclear physics 584
Machine study - - - - 181
Tuning & conditioning - - - - 371
(total) 2102

unscheduled shut-off 417

A large portion of the machine time was allocated to the 1.2 GeV booster operation. A nominal
energy of the linac beam for the booster injection is 200 MeV, which is the maximum available energy of
the linac. However the linac is often likely to loose one of five klystron modulators because of decrepit
devices, so that a procedure of lower energy injection has been previously established. For the efficient
beam injection, the higher energy beam is preferred because of transverse emittance and the stability of

the magnetic field in the STB ring. Below 150 MeV, it, however, seems to be very difficult to inject the
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beam, which is mainly due to ripples of the excitation current for the STB dipoles. Actually, in the
FY2003, we once lost a modulator due to malfunction of the thyratron during a long-term machine time.
A half-day work successfully reduced the interruption of the machine time employing the 150 MeV
beam injection.

Figure 1 shows shared time portion of each operating mode of the LNS linac. Since we have permitted
many options in the beam supply, i.e., the energy, the macropulse current, the macropulse duration and
the repetition rate, the operation mode has been widely spread and become complicate. Totally 31-time

mode change was urged for the user machine time.

Hih-lntensity (<50 MeV)

Unscheduled shut-off 150 MeV - Pulsed

140 MeV - Stretcher

N
Tuning & Condltlonlng ///, \\\\\\\\\\\\\ 150 MeV - Stretcher
150 MeV - Booster Injection

Machine Study
\ ~,

X

200 MeV - Booster Injection

Fig. 1 Shared time portion of each operating mode of the LNS linac integrated over the
FY2002. See Table 1 for detail of the operating mode.

§ 2. Major Troubles

We have been still very anxious about fatal malfunction of the 36-year-old linac system, because the
unscheduled shut-off occupied more than 16 % of the total time as shown in Fig. 1. In the FY2002,
significant troubles occurred to the vacuum system of the linac frequently. In addition, cooling water
leaks also happened to the waveguides and every kind of the beam pipes and the slits. Radical
modification or replacing of the vacuum chambers is highly required to save the linac from the risk of
long-term shut-off. Because the linac was designed with the very early days manner, no sufficient
length is left between the accelerating structures and other components, re-construction of the whole

system including the beam transport optics is possibly necessary to improve the vacuum.

§ 3. Development
Because the maximum repetition rate of the LNS linac is 300 Hz which is much higher than other
conventional linacs, the klystron (collector) cooling is very important. An independent heat-exchanger

has been employed since the machine was commissioned. A 25 MW klystron (PV2012B) generates the
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heating power of 27 kW on the average at the collector, meanwhile the cooling capacity of the
independent system is only 24 kW. As a result, a part of the cooling water has to be evaporated to bring
additional cooling effect (evaporative cooling effect). Because the system is now getting much degraded
and some water leaks are frequently occurred, a prototype of the new collector cooling system employing
a 100 kW plate-type heat-exchanger was installed on a klystron modulator. It has seemed to be working
well, so that other old cooling systems will be replaced in near future.

The linac control system is now completely re-constructed by using a PC based control system
kernel "COACK", which has been developed by collaboration of KEK, LNS and other laboratories. The
biggest advantage of the new control system has resulted from a function of save-and-load of entire
machine parameters administered by the software. Device failures are also quickly detected. Further
development, particularly improvement of the person-machine interface, is under way.

Operation of the booster synchrotron, STB ring, has been much improved by the machine study.
Number of corrections, i.e., closed obit correction, tune stabilization in ramping and etc., were applied
and consequently the maximum 50 mA beam is now able to be accelerated up to 1.2 GeV at one linac
beam burst (no beam stacking). However such a large beam current causes serious instabilities of the
coupled-bunch, the ion-trap and the microwave. The collective synchrotron oscillation driven by the
coupled-bunch instability is occurred at higher beam currents than 8 mA, which is a crucial obstacle for
generation of the high quality beam. We are going to investigate higher order mode (HOM) excitation in

the main accelerating cavity and a cure of the instability.
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