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Preface

This issue of Research Report of Laboratory of Nuclear Science reports research activities of the
LNS performed in the 2006 academic/fiscal year (April 2006 — March 2007). Major research activities
are based on the electron accelerator complex consisting of the 300-MeV LINAC and the 1.2-GeV STB
ring. The accelerators have altogether provided a beam time of about 2,380 hours for various
experiments through the year.

In the GeV-7 experimental hall, construction of a 47 spectrometer called FOREST, which is an
electro-magnetic calorimeter for neutral meson detection, has started. At this occasion, a beam line for
counter test experiments was developed to provide low-intensity electron/positron beams with a
momentum range from 200 to 800 MeV. In the experimental hall 2, commissioning of the New NKS
spectrometer has essentially finished and the D(y ,K° experiments for neutral A particle production
has started in June. Various radioactive isotopes were produced by using high intensity beams below 50
MeV at the experimental hall 1. They were served for element analyses as well as for detailed study of
decay properties of nuclei: the highlight is the change of positron capture rate in carbon fullerene.

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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81. Introduction

The investigation of the kaon production on a nucleon by the electromagnetic interaction provides
invaluable information on the strangeness production mechanism, strength of meson-baryon coupling
constants and structure of hadrons, being labeled by the strangeness degree of freedom. Such studies us-
ing beams of real photons and electrons have been conducted experimentally and theoretically since the
1950’s, taking advantage of the electromagnetic interaction that is understood better than the hadronic
interaction. Until now, the experimental studies have been carried out in p(v, KT)A , p(v, KT)X° and
p(v, K% Xt reactions among six isospin channels ( [1], [2]). However, there are no data for the other
three channels on a neutron. Theoretically, phenomenological models have been constructed based on
measured channels so far. The isobar models, Kaon-MAID [3] and SLA [4], were adopted in the present
analysis. The predictions of the photon energy dependence and the kaon angular distribution of the
other three channels on a neutron using these models are quite different.

The lack of the key data for strangeness photoproduction of the three channels on a neutron is due
to the experimental difficulties to measure neutral kaons and to prepare a neutron target. The mea-
surement of these three strangeness production channels provides much information on the strangeness
photoproduction mechanism. In particular, the n(v, K°)A reaction has following features. (1) Since no
charge is involved, the t-channel Born term does not contribute. (2) It is a mirror reaction to p(y, K)A

. For the hyperon resonance exchange terms, a coupling constant, gxsn, changes its sign from the



isospin symmetry, gxoso, = —gK+x0p, resulting the different interference effect. Furthermore, the num-
ber of resonances to be considered is small in the threshold region. Therefore, the n(v, K°)A reaction is
expected to play an essential role to investigate the strangeness photoproduction mechanism.

We have already taken exploratory data quite successfully with use of Neutral Kaon Spectrometer
(NKS) at LNS-Tohoku in 2003 and 2004. We intend to extend the previous experiment by consider-
ably upgrading the original neutral kaon spectrometer to a completely new neutral kaon spectrometer
(NKS2), fully replacing the spectrometer magnet, tracking detectors and all the trigger counters. The
new spectrometer NKS2 has significantly larger acceptance for neutral kaons compared with NKS, par-
ticularly covering forward angles and much better invariant mass resolution. The estimated acceptance
of NKS2 is about 3 to 4 times (depend on momentum and model) larger for K2 than that of NKS. Ad-
ditionally, it is about 8 to 10 times larger for Lambda. With this advantage, we expect simultaneous
measurements of K and A. Additionally, we plan to measure other strangeness production channels
and also A hyperon polarization in v + n and « + p reactions.

In this report, we present a status of NKS2 experiment. The NKS results are found in elsewhere [5,

61.

§2. The NKS2 Experiment

The NKS2 spectrometer is located the BM4 beam line of the second experimental hall of Laboratory
of Nuclear Science (LNS), Tohoku University (see Fig. 1). The incident beam from LINAC has 0.2 GeV
of the beam energy and is accelerated up to 1.2 GeV in Stretcher-Booster (STB) Ring. The photon beam
is created as bremsstrahlung of electron by a carbon wire at STB Tagger system of Bending Magnet 4
(BM4). There is a dipole magnet which is called the sweep magnet for ete~ from photon conversion.
The sweep magnet is the same one which is used in the previous experiment NKS.

The spectrometer is placed following the sweep magnet. The main magnet is a dipole which is ren-
ovated from a cyclotron magnet of Cyclotron RI center of Tohoku University (it is so called 680 magnet).
Detectors of NKS2 are: Inner Hodoscope (IH), Straw Drift Chamber (SDC), Cylindrical Drift Chamber
(CDC), Outer Hodoscope (OH), and Electron Veto counter (EV). Figure 2 shows detector position and 3D
views are shown in Figs. 3 and 4. The detail description of the beam line and the spectrometer will be

shown in the following sections.

§3. Results of the NKS2 experiment

The data taking for commissioning runs was carried out in Jan. Mar, Jun., and Sep. 2006 using the
carbon target. During those runs, we had studied detector performance, data acquisition system, and
trigger rate. The data taking using NKS2 was done in Nov. and Dec. 2006, and Jan. and Jun. 2007.

A preliminary invariant mass distribution of #* 7~ pairs in 0.8 < E, < 1.1 GeV is shown in Fig. 5.
The number of tagged photons for the distribution was 3.2 x 10! from 2006’s runs.

The events that have two tracks and more was selected. The particle identification was done on 2

dimensional cut on TOF and momentum. After positive and negative pions was identified in the same



Fig.2.

200 MeV electron
from LINAC
STB-Ring

STB-Tagger System

Fig.1. The outline of the second experimental hall of LNS (see text in detail).

20 cm

Y V4

Y Beam

A schematic view of NKS2. The photon beam direction is bottom to top in the figure. The
target holder is at center of magnet. The detectors are (the order is center to outer): Inner
Hodoscope (IH), Straw Drift Chamber (SDC), Cylindrical Drift Chamber (CDC), Outer
Hodoscope (OH, Vertical (OHV) and Horizontal (OHH) ), and Electron Veto counter (EV).
Note that EV is placed at downstream of OHV but not shown the figure.
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Fig.3. A 3D view of the spectrometer viewed from upstream of beam line. We can see a part of
OHH on the magnet yoke and OHV around magnet coil.

Fig.4. A 3D view of the spectrometer viewed from downstream of beam line. There are OHV
around the magnet coil and OHH on the magnet yoke. The EV counters are placed fol-
lowing OHV. The OHV and EV counters are supported by aluminum chassis.
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Fig.5. The invariant mass distribution of #* 7~ pairs in 0.8 < E, < 1.1 GeV.

event, the decay vertex was reconstructed from the two tracks. We required —0.9 < cosfpa < 0.8
(where 60 4 is an opening angle of two tracks) to select K candidate. We required an opening angle cut
of two tracks to remove e™ e~ background. A decay volume cut was necessary to remove a background of
resonances (e.g., p, w). Since photoproduced vector mesons and nucleon resonances decay in the target
region and create m* 7~ background, we did not employ events which have their decay vertex position
in the target cell. We employ events which have the decay vertex position at outside of the target cell to
remove large contribution of hadronic background.

We have an upgrade plane of the spectrometer, that we will extend the acceptance by changing SDC
with a 3D tracking chamber. With this advantage, we expect simultaneous measurements of K3 and A.
Additionally, we plan to measure other strangeness production channels and also A hyperon polarization

in v + n and « + p reactions.
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An electron/positron beamline for testing detectors has been constructed by utilizing a charge
sweeping magnet RTAGX, which can analyze the momentum of electrons and positrons at a fixed bend-
ing angle. The measured energy, profile, and intensity of the beam are reported together with a simula-

tion result.

§1. Electron/Positron Beamline for Testing Detectors

A dipole electromagnet RTAGX was installed two years ago [1] in the GeV-vy experimental hall,
where meson production experiments have been conducted with an incident v beam [2]. Besides sweep-
ing out undesirable charged particles in the v beam, the RTAGX can provide momentum-analyzed elec-
trons or positrons at a fixed bending angle. We have desired a beamline where performance tests can
be made for many kinds of detectors. Thus an electron/positron beamline has been constructed in the
GeV-v experimental hall for testing detectors. The beamline consists of a converter, the RTAGX magnet,

and lead apertures as depicted in Fig.1. A Au foil, one of the converters, with a thickness of 20 pum is

—»

Au foil

Pb Aperture

Positron/Electron Beam

Fig.1. Schematic view of the electron/positron beamline for detector test. The beamline com-
prises a converter, a dipole electromagnet RTAGX, and entrance and exit lead apertures.
Electrons/positrons passing through the lead apertures are used as a beam.



placed 878 mm upstream of the pole center of the RTAGX. There is a 100 mm thick lead aperture just
behind the converter. Another 100 mm thick lead aperture with a diameter of 20 mm is placed 2445 mm
downstream at —30° with respect to the axis of the incident v beam. A vacuum chamber and a vacuum
pipe were installed between two lead apertures on 23rd Apr. in 2007.

The incident v beam coming into the GeV-+ experimental hall irradiates the converter in front of the
RTAGX. Some photons in the beam are converted into electron-positron pairs. The generated electrons
and positrons are bent by the RTAGX according to their momenta. Then semi-monochromatic electrons

or positrons passing through the lead apertures are used as a beam.

§2. Estimated Energy and Resolution
The energy and resolution of the beam for a given RTAGX current are estimated by a simulation
code based on GEANTS3 with a corresponding magnetic field map [1, 3]. Figure 2 shows the estimated

beam energy as a function of the RTAGX current and the energy resolution versus the beam energy.
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Fig.2. Estimated energy and resolution of the electron/positron beam with a simulation based
on GEANTS. The left panel shows the mean energy as a function of RTAGX current. The
right panel shows the energy resolution as a function of the beam energy. The circle and
square markers show the data points when the beam travels in the air and in the vacuum,
respectively. Data points are fitted with the form /P,E-2 + P,E-1 + P; + P,E.

The electron/positron beam energy is almost proportional to the RTAGX current. The value of the
energy in MeV corresponds roughly to twice of that of the current in ampere. The energy resolution as a

function of the energy is described as

B g _ \/(7.49i0.26) x 105  (125.9 +13.5)

_ —4
= 5 F) + (0.977 £ 0.028) — (3.9 £ 0.2) x 104E(1)

when electrons or positrons travel in the air, while that is described as

5
%(E) = \/(1’08 = 3;5) <10 _ (8.6 278’1) +(0.695 +0.149) — (2.1 + 1.1) x 104E (2)

when they travel in the vacuum. The numerical data are given in Ref. [4].



§3. Measured Beam Energy and Intensity

The beam energy was measured with a lead glass Cerenkov counter. The beam profile was also mea-
sured with a beam profile monitor (BPM). The BPM consists of two layers of scintillating fiber (SciF1i)
hodoscopes, each of which is made up with 16 SciFi modules. The fiber measures 3 x 3 mm? in cross
section. The upstream and downstream layers determine x and y positions from responded fibers, re-
spectively.

Figure 3 shows the measured energy distributions, and the beam profile for the RTAGX current
of 230 A. The measured energy is consistent with an estimated one, although the energy spread of the
beam is not detectable because of poor energy-resolution of the lead glass counter. The size of the beam
spot is about 50 mm in diameter at the place about 7 m from the center of the RTAGX.

Figure 4 shows the beam intensity as a function of the RTAGX current.

i & G2 ,\,\5 S 03‘\,9'“\::«’ 800
700
3 600
S
-1 500
=
5 400
£ 300
3 } 200
| — L ‘ I ‘ I ‘ I ‘ ] - ‘ L 100
0 200 400 600 800 1000 1200 20 -10 0 10 20
Lead Glass ADC X (mm)

Fig.3. a) Measured beam energy distribution for several RTAGX currents. The unit of energy
is arbitrary (ADC channel). b) Measured beam profile for the RTAGX current of 230 A.
Both data were measured before the vacuum chamber had been installed.
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Fig.4. Intensity of the positron beam as a function of the RTAGX current with a converter of 20
pm thick Au foil. The intensity is normalized by the counting rate of the 116th channel
of the STB-Tagger II.



Since the beam intensity depends on the circulating electron current in the STretcher Booster ring,
it is normalized by the counting rate of the 116th channel of the STB-Tagger II [5]. More intense beam
can be obtained with a thicker converter. So far, the maximum intensity of the positron beam is about

700 keps with an 8 mm thick Cu converter.
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The energy calibration of a bremsstrahlung tagging system STB-Tagger II was carried out by using
a dipole magnet RTAGX. The tagged photon energy was determined by a momentum analysis of ete™
pairs converted from bremsstrahlung photons at two energies of STB circulating electrons. The relative
relation was obtained between the tagged photon energy for 920 MeV circulating electrons and that for

1200 MeV electrons. In this report, We present the method and the result of the energy calibration.

§1. Introduction

A tagged photon beamline has been constructed in the GeV-+ experimental hall at Laboratory of
Nuclear Science (LNS), Tohoku University [1]. We insert a radiator made of a carbon fiber, 11 pm in
diameter, into circulating electrons in the Stretcher-Booster (STB) ring to generate a high energy photon
beam. The electrons strike the radiator just upstream from the bending magnet BM5 of the STB ring,
and produce bremsstrahlung photons which are used as a beam. Recoiled electrons are analyzed by
the BM5 and detected with a tagging system called STB Tagger II, which consists of 116 telescopes of
two-layer scintillating fibers [2]. The energy E., of a produced photon is determined by the energy of the

recoiled electron E. and that of the circulating electron E; as
E,=FE, - E,

because the energy transferred to the nucleus is negligibly small. Thus E. has to be measured pre-
cisely to provide a definite E.. However, there are some elements having slightly unknown factors in
the STB Tagger II. The map of the magnetic flux in BM5 is not determined completely. The position
and direction of the recoiled electron emitting a bremsstrahlung photon are not known precisely at the
radiator. And the exact position of STB Tagger II is not well known. Therefore the energy calibration is
required for STB Tagger II. To determine E., E. has to be given conversely, which has so far been made
with two methods.

1. Missing mass Mx analysis for the v + p — w° + X process [3], and

2. Direct Measurement of E., with a lead glass Cherenkov counter [4].
In the former method, however, there is an uncertainty in the vertex point of the 7w° decay, and the
energy and position resolutions for incident photons are not good enough for this purpose. In the latter
case, the energy response of the lead glass Cherenkov counter is not precisely investigated. These two

methods did not work very well.
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The tagged photon energy E. can be obtained by measuring momenta of the ete™ pair converted

from the incident photon. E, is given as a sum of the et and e~ energies E.+ and E.-, namely
Ey=E. +E,.. (1)

We have performed meson photoproduction experiments with an electro-magnetic calorimeter SCIS-
SORS II to study nucleon resonances, using a tagged photon beam. Two circulating-electron energies
of 920 and 1200 MeV have been selected to cover the incident photon energy from 600 to 1150 MeV.
We can make a consistency check for STB Tagger II by comparing the overlap energy region measured
under these different conditions of the electron energy. In this measurement, therefore, a dipole magnet
RTAGX [5] is operated at a fixed current to analyze the momentum of the e™ and e, regardless of the

electron energy.

$2. Experiment

We used the RTAGX magnet for the momentum analysis of eTe™ pairs. A 20 pm thick Au foil
was placed in front of RTAGX to produce ete~ pairs from the tagged photons. Electrons/positrons
having different momenta were bent with different curvature by RTAGX , and were detected with two
scintillating fiber hodoscopes located behind RTAGX. Each scintillating fiber measures 3 x3 mm? in cross
section, and 16 fibers are arranged in a hodoscope. One hodoscope was placed 1850 mm downstream from
the center of RTAGX and at —46.6° with respect to the beam axis. The other hodoscope was movable so
as to detect various energy electrons. Figure 1 shows the experimental setup for this energy calibration.

Rail +side

i
Movable Hodoscope /\|2332

Rail Position 709
Rail Position 1143 iy 1€ s |
- ' ¥ Fixed Hodoscope

878

Au 0.02 mm

y -ray

Fig.1. Experimental setup for the energy calibration of STB-Tagger II. The eTe™ pairs are gen-
erated in the interaction of incident photons with a Au foil, and are detected by a fixed
scintillating fiber hodoscope and a movable one.
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A triple coincidence signal from STB-Tagger II and two scintillating fiber hodoscopes was used to

form a trigger for the data acquisition:
(trigger) = (tagger) ® (fixed hodoscope) ® (movable hodoscope).

We measured the energy of each tagged photon defined with STB Tagger II using this trigger by detect-
ing an eTe~ pair generated from the tagged photon. The experiment was performed for two different

electron energies of 920 and 1200 MeV.

§3. Data Analysis

A pair of et and e~ were detected with the fixed and movable hodoscopes, respectively. Energies of
et and e~ were determined from the position of responding fibers in these hodoscopes. Here, the flight
path of e™/e™ with a given energy was calculated by utilizing the field map of RTAGX, where the energy
loss of et/e~ was taken into account in the Au foil and the air. The magnetic flux of RTAGX is described
elsewhere [6, 7]. Figure 2 shows the e™/e™ energy as a function of the bending angle determined by a

responding fiber.
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Fig.2. The e™/e~ energy as a function of the Fig.3. Timing Correlation between the mov-
bending angle. able and the fixed hodoscope.

Since the intensity of the bremsstrahlung photons was more than 10 MHz, there was a large fraction
of accidental coincidence events. To estimate the number of true coincidence events, we made a two-
dimensional plot of the timing signals from the movable and fixed hodoscopes. Figure 3 shows the
timing correlation between the movable and fixed hodoscopes. The total area of the two-dimensional
plot is divided into 16 regions by broken lines, the center region is the prompt area, and the other
regions correspond to background events. The background events in the prompt area were subtracted
with the method of two-dimensional side band subtraction. This method is described elsewhere [8, 111.

The energy of a tagged photon can be obtained with a sum of the e and e~ energies as expressed

in Eq. (1). Figure 4 shows eTe~ energy sum distributions corresponding to tagger channel, 1, 70 and
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Fig.4. Energy sum distributions of e™ and e~ converted from the tagged photons corresponding
to tagger channel, 1, 70 and 116. Each curve is a Gaussian function fitted to the data.

116 after the background subtraction of accidental coincidence events. The centroid of the ete™ energy

sum is determined by fitting a Gaussian function to the data.

§4. Tagged Photon Energy

The energy of photons tagged with STB Tagger II was calibrated by measuring the energies of
ete™ pairs. STB-Tagger II covers the tagged photon energy range from 579 to 890 MeV for 920 MeV
circulating electrons, and 752 to 1155 MeV for 1200 MeV electrons. Since the RTAGX coils carried a
fixed current, the tagged photon energy for 920 MeV electrons was determined relatively to that for
1200 MeV electrons. In Fig. 5, the measured photon energies are plotted as a function of the telescope

number in STB Tagger II.
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Fig.5. Relation between the photon energy and the telescope number in STB Tagger II at two
circulating-electron energies of 920 and 1200 MeV.
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We made another calibration by measuring the threshold energy of the v + p — n + p reaction.
This calibration identified the tagging telescope corresponding to the incident photon having the n pro-
duction threshold energy. The threshold photon energy in the v + p — 1 + p reaction can be calculated
precisely, that is E, = 707.25 MeV. We compared the 1 threshold energy with the tagged photon energy
corresponding to the i threshold point by the momentum analysis for ete™ pairs. It turned out that
the tagged photon energy determined by the momentum analysis was 0.63% larger than the threshold
energy [9]. This difference was mainly caused by an overall normalization uncertainty in the magnetic
field of RTAGX. Thus the normalization uncertainty was resolved [10]. The geometrical errors arise
from a position measurement uncertainty of the fixed and movable hodoscopes, a setup uncertainty of
the movable hodoscope location, and a position uncertainty of the incident photon beam [11]. The total

uncertainty of the tagged photon energy is 0.3%.
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A new electro-magnetic (EM) calorimeter complex FOREST comprises three independent calorime-
ters, covering a solid angle of about 47 sr in total. The Backward Gamma detector brought from SPring-
8/LEPS is employed to cover the central part of FOREST. Backward Gamma consists of lead scintillating
fiber (Lead/SciFi) detector modules. The performance of a test calorimeter made up with 9 Lead/SciFi
detector modules of Backward Gamma has been studied by using a positron beam with energies up to
800 MeV.

§1. Experimental Setup

The performance study of a test calorimeter was made at the electron/positron beamline dedicated
to testing detectors at LNS. The test calorimeter is made up with Lead/SciFi detector modules stacked
in a 3 x 3 array, which is a small portion corresponding to a polar angle from 60° to 90° of the Back-
ward Gamma detector. Momentum-analyzed positrons were used as an incident beam with the energy
ranging from 200 to 800 MeV . A beam profile monitor (BPM) was used to specify the position of the
incident positrons. BPM consists of two layers of scintillating fiber (SciFi) hodoscopes. Each hodoscope
is composed of 16 SciFi modules with a cross section of 3 x 3 mm?. The upstream and downstream layers
determine the = and y positions of the incident positron, respectively. Figure 1 shows the experimental
setup for the performance study of the calorimeter.

The trigger condition for the data acquisition system is described as
[« fiber OR| ® [y fiber OR], (1)

where ® means coincidence of signals. The maximum trigger rate was 2 kHz and a fraction of accidental
coincidence events was negligibly small. The energy calibration for the Lead/SciFi detector modules was
made by using 300, 460, 590, and 800 MeV positrons injected on to the central region (6 x6 mm?) of each
module one by one. The detector module has the shape of a truncated pyramid. Therefore the position
and the tilted angle of the calorimeter were set so that the beam axis was perpendicular to the front face

of the module of interest. Then the gain of each detector module was adjusted.
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Fig.1. Experimental setup for the performance study of a test calorimeter comprised of 9
Lead/SciFi detector modules. The 16 x 16 scintillating fiber hodoscopes are placed in
front of the calorimeter to determine the position of incident positions.

$2. Energy Response
The deposited energy in the calorimeter is obtained by summing up the measured energies with 9

detector modules as

9
E =) E;. 2)
j=1

The positrons injected on to the central region (6x6 mm?) were selected in the energy measurement to
suppress the energy leakage out of the detector modules in the lateral direction. The linearity of the
energy response was checked with the ratio of the reconstructed energy to the incident positron energy.
Figure 2a) shows the ratio as a function of the incident energy. The normalization of the reconstructed
energy is arbitrary. A linear function r,(E;) of the incident energy E; was fitted to the measured ratio

r,. The fitted result is expressed as
ru(EB;) = (1.1307 £ 0.0022) — (5.0769 + 0.3433) x 10~ °E;, (3)

where E; is in MeV. The non-linearity of the energy response was found to be less than 6% for the
incident beam energies from 200 to 800 MeV.
The energy resolution o g/ F can be evaluated with a Gaussian mean p and a width o of the recon-

structed energy distribution as

ag g 2 g 2 vz

E b

_ : , 4
E {(N) (Nb)} @

where the effect of beam energy spread o/ up [3] is subtracted. Figure 2 b) shows the measured energy

resolution as a function of the incident energy. The energy resolution o/ E may be expressed as

o | (az2)\? a1 \°, v (5)
T 1(F) +(\/E) Ta -

The function (5) is fitted to the data to give the result,

1/2

OB ;. J(1.93+£0.11\* /6.91+0.08? 0
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Fig.2. The energy response as a function of the incident positron energy. a) The ratio of
the reconstructed energy to the incident energy. The normalization factor is arbitrary.
The data are fitted with a linear parametrization 1.1307 — 5.0769 x 107°E;. b) The
measured energy resolution. The data are well expressed with the parametrization

V(1.93/E,)? + (6.91/VE;)” + (0.00)%

where the parameters ag, a1, and ag are given in % and E; in GeV, respectively. The energy resolution for
1 GeV positrons corresponds to 7.2%. The details of the analysis for the energy resolution are described

elsewhere [4].

$3. Position Resolution
The incident position of positrons on the calorimeter was reconstructed by the energy weighted

average of the position vectors &; of 9 modules as

9
&, < » C;E;i;, (7

j=1

where the origin of the position vectors was the common center of a circumscribed sphere for front faces
of the modules. The normalization was made in such a way that the length of the reconstructed position
vector should be the radius of the sphere (300 mm). Since the energy deposit to the central module was
much larger than that to the peripheral modules, the weight for the signal from the central module was

set to be smaller by using an extra factor C;:

C; = (8)

Cy for the central module
1 for the peripheral modules

The factor Cy was determined for each incident energy so that the mean of the difference between the
reconstructed position and the incident position determined by BPM would be 0. The determined values
of Cy are 0.01765+0.00002, 0.02684 +0.00001, 0.02484+0.00001, 0.02123+0.00001, 0.02562+0.00001,
and 0.02473 4+ 0.00001 for the incident energies of 300, 400, 500, 590, 670, and 800 MeV, respectively.
The difference distribution has a Gaussian shape whose mean is 0 by using the determined Cy. The x (y)

position resolution is estimated with the width o, (o) which is obtained by fitting a Gaussian function
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Fig.3. The position resolution as a function of the incident energy. The left and right
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to the difference distribution in x (y) direction. Figure 3 shows the position resolution as a function of
the incident energy. The position resolution o, and o, may also be represented with a similar function

to Eq. (5). The fitted result are

2 9 1/2
ou(E;) { (0'00;0'00 > (8'27 ;0'03 ) +(6.18+ 0.07)2} and
7 Vv £ 12 (9)
0.00 + 0.00 \ 2 8.53 & 0.03 \ 2
oy (E;) = {<E> + (ﬁ) + (5.68 & 0.07)2} ,

where the position resolution o, (o,) and E; are given in mm and GeV, respectively. The = and y
position resolutions for 1 GeV positrons correspond to 10.3 mm and 10.2 mm, respectively. The details

of the analysis for the position resolution are described elsewhere [5].
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LEPS Backward Gamma Detector Reassembled
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A new electro-magnetic (EM) calorimeter complex FOREST covering a solid angle of about 47 sr
is under construction. It consists of three calorimeters: the EPS forward one made up of pure Csl
crystals, the middle one of lead scintillating fiber (Lead/SciFi) modules, and the backward one of lead
glass Cerenkov counters. We have reassembled the middle calorimeter, comprised of 252 Lead/SciFi
modules, which used to be the LEPS Backward Gamma detector system utilized in a LEPS experiment
at SPring-8. A performance test for the gamma detector system has been made with a photon beam in

the GeV ~ experimental hall. The 7° peak is clearly observed in the v~ invariant mass distribution.

§1. Electro-Magnetic Calorimeter Complex FOREST

Nucleon resonances were experimentally studied via 7% and 7 photo-production by using an electro-
magnetic (EM) calorimeter SCISSORS II in the GeV-v experimental hall at Laboratory of Nuclear Sci-
ence (LNS), Tohoku University. The 7° and n mesons are identified as a peak at specific places in the
~~ invariant mass distribution. It was difficult, however, to detect all the 4’s coming from 7° or 1 decay
since the solid angle of SCISSORS II was only 12.6% in total. In addition to that the process of multi-=
production is dominant in the GeV energy region. There is a huge background made up with wrong
combinations of 4’s, which do not form a peak of 7° nor n in the ~~ invariant mass distribution. To
suppress the background due to the wrong combinations, a large solid angle calorimeter is required so
that a fraction of undetected ~’s decreases.

A new EM calorimeter complex called Four-pi Omnidirectional Response Extended Spectrometer
Trio (FOREST) with a solid angle of about 47 sr has been planed [1]. It consists of three calorimeters.
The most forward region is covered with pure Csl crystals ‘SCISSORS IIT’ [2]. The detector system
called ‘Backward Gamma’ is placed at the central region. And a set of lead glass Cerenkov counters
covers the backward region. Figure 1 shows a schematic view of FOREST and a side view of Backward
Gamma. The Backward Gamma detector system covers 30°-100° in the polar angle and 0°-360° in the
azimuthal angle, consisting of 252 Lead/SciFi modules. Each module has a 10° coverage both in the
polar and azimuthal angles. Backward Gamma was originally used at the Laser Electron Photon beam
facility at SPring-8 (LEPS).
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Fig.1. a) Slant view of the new EM calorimeter complex FOREST. b) Side view of the LEPS
Backward Gamma detector. Backward Gamma consists of 252 Lead/SciFi modules. Each
module covers 10° both in the polar and azimuthal angles.

$2. Rebuilding of LEPS Backward Gamma Detector
The LEPS Backward Gamma system was reassembled from 9th to 23rd Nov. in 2006. The frame

of Backward Gamma was rotated first of all so that the plane corresponding to the polar angle of 90°

Fig.2. LEPS Backward Gamma. The left panel shows a photo of the LEPS Backward Gamma
when the 90°-100°, 80°-90°, and 70°-80° Lead/SciFi modules were stacked. The right
panel shows a photo of the constructed Backward Gamma together with SCISSORS III.

became horizontal. The largest Lead/SciFi modules covering a polar angle of 90°—~100° were installed
into the frame at first. Then 80°-90° modules were stacked on the 90°-100° ones. The 70°-80° and 60°—
70° modules were installed in the same way. The left panel of Fig. 2 shows the middle stage of stacking
procedure. The 50°-60°, 40°-50°, and 30°-40° modules of the same azimuthal angle were stacked at

once so that the modules could not drop inside the frame during installation. The frame was rotated
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back by 90°, after the installation of all Lead/SciFi modules was completed. Then the symmetry axis of

Backward Gamma was aligned to the axis of the GeV-v beamline.

§3. Beam Test for Backward Gamma Detector

A beam test of Backward Gamma was performed from 5th to 7th June in 2007. A data acquisition
system for Backward Gamma was developed independently of that for the SCISSORS III. The energy
deposited in each module was digitized with a LeCroy 4300B Fast Encoding and Readout ADC (FERA)
in a CAMAC system. The data were collected and stored with a universal I/O (UIO) module [3] in a VME
system through a LeCroy 4301 FERA driver in the CAMAC system. The timing signals were measured
with CAEN V1190A TDC modules in the VME system. All the digitized data were finally accumulated

in a personal computer (PC) through the VME-bus. The trigger signals are made under the condition
[TotalSigmaTagger| ® [Npg > 2|, 1)

where TotalSigmaTagger stands for an OR signal of STB-Tagger II, and Npg > 2 denotes the signal
which is generated when more than two modules are responded.

The energy calibration was made in such a way that the position of the peak corresponding to 7°
events in the v+ invariant mass distribution should be at the 7% mass. Figure 3b) shows the v~ invariant

mass distribution measured with Backward Gamma. The 7° peak is clearly observed.
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Fig.3. a) Dataflow of the data acquisition system for Backward Gamma. The digitized data of
energies in FERA modules in a CAMAC system are collected in a UIO module through
FERA driver. Those of timing signals are obtained with TDC modules in a VME system.
b) The v~ invariant mass distribution measured with Backward Gamma. The 7 peak is
clearly observed.
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A new electro-magnetic calorimeter complex FOREST with a solid angle of about 47 in total is under
construction. A forward calorimeter SCISSORS III, a part of FOREST, was constructed last year. We
have installed plastic scintillator hodoscopes in front of SCISSORS III. A beam test has been performed

for the forward detector assembly. The ¥ peak is clearly observed in the ~~ invariant mass distribution.

§1. Plastic Scintillator Hodoscopes in Front of SCISSORS III

Nucleon resonances are experimentally studied via 7° and 7 photo-production by using an electro-
magnetic (EM) calorimeter in the GeV-v experimental hall [1] at Laboratory of Nuclear Science (LNS),
Tohoku University. These neutral mesons are identified in v~ invariant mass distributions. A new EM
calorimeter complex called FOREST (Four-pi Omnidirectional Response Extended Spectrometer Trio)
with a solid angle of about 47 in total is under construction [2] to reduce a fraction of undetected ~’s.
It consists of three calorimeters. A forward one made up of pure CsI crystals ‘SCISSORS III’ was con-
structed last year [3]. Since an EM calorimeter itself cannot distinguish whether an incident particle is
neutral or charged, a thin plastic scintillator hodoscope is usually placed in front of it. We have designed
and constructed a set of plastic scintillator hodoscopes named Spiral-shaped Particle Identification De-
tector for Elementary Reactions (SPIDER), which is capable of determining the incident position of
charged particles precisely.

SPIDER consists of 3 layers, each of which is made up of 24 identical plastic scintillators. The side
curve of each plastic scintillator has a shape of spiral as depicted in Fig. 1. The spiral curve may be

represented as
r=exp{b@+6)}, (@)

in the polar coordinate system, where r is a radius measured in mm, and b is a curvature parameter
being chosen to be 1.1. The inside and outside radii r range from 57 to 425(1 — 0.15sin 15°) mm and to
425(1 + 0.35sin 15°) mm, respectively. The phase difference in 8 between adjacent scintillators is 15°.
Two layers in SPIDER have different configurations in placing 24 spiral scintillators in a plane.
One of them is a left-handed layer and the other is right-handed. A pair of these left-handed and right-
handed layers can determine the position of charged particles going through SPIDER. The third layer is

placed so as not to have inefficient area taking place at the boundary region of spiral in each scintillator.
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Fig.1. Spiral-shaped scintillators. The side curve of each plastic scintillator is represented as
r = exp {b(@ + 6y)} in the polar coordinate system. The phase difference between adja-
cent scintillators is 15°.

Figure 2 shows the schematic view and photo of SPIDER. The spiral-shaped scintillator is connected to
a metal packaged photo-multiplier tube Hamamatsu R8900U through a twisted-type light guide.

Responded Plastic Scintillators

v

Incident Position

Fig.2. Schematic view and photo of SPIDER. The left panel illustrates how to reconstruct the
incident position of charged particles. The right one shows the mounted SPIDER in front

of SCISSORS III.

§2. Beam Test of SCISSORS III

A beam test of SCISSORS III with SPIDER was performed from 3rd to 5th Jul. in 2007. A data
acquisition system for SCISSORS III was essentially the same as that for SCISSORS II. The energy and
timing of each crystal were digitized by ADC and TDC modules in two TRISTAN/KEK Online (TKO)
systems [4]. The digitized data were collected and stored with Super Memory Partner (SMP) modules
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in a VME system through Super Control Header (SCH) modules in the TKO systems. All the digitized
data were finally accumulated in a personal computer (PC) through the VME-bus. Figure 3a) shows a

dataflow of the data acquisition system for SCISSORS III.
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Fig.3. a) Dataflow of the data acquisition system for SCISSORS III. The digitized data of ener-
gies and timings are collected from ADC’s and TDC’s in a TKO system through SCH and
SMP modules. b) The v~ invariant mass distribution measured with SCISSORS III. The
70 peak is clearly observed.

The trigger condition was described as

> ([SigmaTagger i] ® [Ng3 > 2]), )

where ® means coincidence of signals. Channels of STB-Tagger II [5] were divided into 16 groups so
that the counting rate of each group should be the same, and an OR signal of each group is denoted by
SigmaTagger ¢ (¢ = 1...16). Crystals of SCISSORS III were divided into 10 groups; a signal of each
group was generated when an analogue sum signal of the group exceeded the threshold. The Ng3 > 2
stands for the signal in which more than two groups generate signals. A coincidence signal between
SigmaTagger ¢« and Ng3 > 2 signals is required for taking data. Data can be taken with a higher

intensity tagged photon beam in this condition compared with the condition:

<Z[SigmaTagger i]) ® [Ns3 > 2]. 3)

A neutral cluster was selected as a + particle, and the incident position is reconstructed by an energy
weighted average of the position vectors of the modules which joins the cluster. The energy calibration
is made so that the 7° peaks in the 4+ invariant mass distribution should be 7° mass, where the events
are selected by the condition that both the cluster energies are larger than 200 MeV. Figure 3b) shows
the v+ invariant mass distribution measured with SCISSORS III. The #° peak is clearly observed.
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We have developed a multi-purpose logic module (MPLM) with an FPGA. The internal circuit of
this module can be modified easily with the FPGA. This kind of module enables trigger pulse processing
for nuclear science. As a first step, the MPLM is used as an event tag generator in experiments with the
FOREST detector system.

§1. Introduction

The structure and production mechanism of hadrons have been experimentally investigated via
meson photo-production in Laboratory of Nuclear Science, Tohoku University. Nucleon resonances will
be studied intensively with an electro-magnetic calorimeter complex FOREST in the GeV-+ experimental
hall. Since the number of detectors in the FOREST is about 800, a set of logic modules for specified
purposes is expensive. Therefore, a multi-purpose logic module with a field programmable gate array
(FPGA) has been developed.

§2. Feature of FPGA

An FPGA is a semiconductor device which is programmable for any logic function by a designer. The
FPGA is usually slower than an application-specific integrated circuit (ASIC). Since the ASIC cannot be
modified after the design is completed, it is difficult to handle an ASIC to implement a specified design
without bugs. On the other hand, the FPGA can be reconfigurable like software on a personal computer
after it is manufactured. It is easy to shorten designing time to obtain the specified logic function by a
trial-and-error method.

The FPGA contains programmable logic components called logic blocks, and programmable inter-
connects. Logic blocks can be programmed to operate simple or combinatorial functions of basic logic
gates (AND, OR, XOR, flip-flops, and so on). The FPGA manufactured by Xilinx contains configurable
logic blocks (CLB), input/output blocks (IOB), block random access memories (RAM), multipliers, and
digital clock managers (DCM). The internal circuit of FPGA is constructed by connecting these elements.

The behavior of FPGA is usually defined with a hardware description language (HDL). Configura-
tion data of logic blocks and interconnects which are fitted to the actual FPGA architecture are generated

by a FPGA design software. The data are typically downloaded via a Joint Test Action Group (JTAG)
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link cable.

§3. Multi-Purpose Logic Module

We have developed a logic module called Multi-Purpose Logic Module (MPLM) with an FPGA. This
module is packaged in a single-width nuclear Instrumentation module (NIM) module. Figure 1 shows a
photo of the MPLM. The FPGA used is a Xilinx SPARTANS, and contains 4320 flip-flops (FF), 256 Kbit
RAM, and 200,000 system gates.

Fig.1. The MPLM (A: Bin power, B: LEMO Connector, C: FPGA).

This newly developed module accepts NIM standard signals, through 16 input and output channels.
Since the FPGA does not accept the NIM signal, additional level converters between the NIM standard
and the Low Voltage Transistor-Transistor Logic Level (LVTTL) signals are employed. The propagation
delay from the input to the output is less than 10 ns, in which the conversion time from the NIM to
LVTTL signals is dominant.

Figure 2 shows the block diagram of the MPLM. The MPLM contains 16 inputs with NIM to LVTTL
converters, 16 outputs with LVTTL to NIM converters, a peripheral circuit for the configuration of the
FPGA, a clock signal, and 3 status light emitting diodes (LED). The clock signal is generated by a crystal
oscillator with a frequency of 33.33 MHz, and the frequency stability is better than 100 ppm. The FPGA
receives a clock signal through a built—in global buffer (GBUF). The power source for many devices in
the MPLM is provided through regulated power supplies as shown in Fig. 2. The MPLM supports the In-
System Programming (ISP) through the JTAG interface, and a FPGA configuration system in a Platform
Flash Memory (PROM). This module detects failures of the clock signal and those of power system. An
RS-232C interface to a personal computer is optionally available. An operational amplifier (OPAMP) is
operated with a higher frequency to shorten the leading time of the NIM standard signal (~3 nsec). The
input impedance of the OPAMP is rather low for the FPGA. Nevertheless, the generated signal with the
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Fig.3. Timing diagram of the 4bit binary counter implemented in the MPLM. The 1st and 4th
channels correspond to the lowest and most significant bits, respectively.

OPAMP meets the NIM standard although some reflection is observed in a pulse of the signal due to
the impedance mismatch. Since this module is constructed on a 4 layer printed-circuit board (PCB), the
impedance of the power system is reduced, which results in the noise level suppressed, in addition the
high frequency operation allows the use of surface-mount components.

As a first step, this module is used as an event tag generator in experiments. A data taking system

for FOREST is divided into several subsystems to collect digitized data with a short dead time. The
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event tag is important to check event consistency whether digitized data collected by these subsystems
belong to the same event or not. When the generator receives a trigger accept signal, a 4 bit associated

event tag is generated. Figure 3 shows the operation of a 4 bit binary counter in the MPLM.

§4. Conclusion
A Multi-purpose Logic Module has been developed. This kind of module is necessary to handle

digitized data efficiently under complicated trigger conditions.
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Radiation Hardness Test of GaN Diode for Irradiation with
High Energy Electron Beam
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The GaN is expected to be a new material for the particle detector with radiation hardness, as
substitution of Si. We have developed the GaN Schottky diode which is a prototype of the ionizing detec-
tor. In this study we performed the test of radiation tolerance for the diode we fabricated, irradiating a
high energy electron beam. As the result, we found that the performance of the diode was not changed

significantly even after irradiating 10'%/cm? electrons.

§1. Introduction

In high-energy collider experiments, the beam luminosity has been increasing, and a semiconductor
detector with radiation hardness is strongly desired in the current and future experiments. Several
semiconductor materials have been investigated for developing new particle detectors as the substitution
of Si[1, 2]. Among them, a wide-gap nitride semiconductor, especially gallium nitride (GaN), is one of
the possible candidates. Recently, GaN devices have been widely used (e.g., light emitting device) and
the technology to produce high quality substrate has been improved remarkably, so that development of
the particle detector with GaN is now promising [3].

We have been developing the GaN based particle detector and successfully fabricated the GaN
Schottky diode which has high quality in electrical and optical characteristics. Now it enables us to
realize the GaN particle detector. In this study, we irradiated the diodes with high energy electrons and

discussed the radiation hardness of GalN material.

$2. Experiment
2.1 GaN diode sample

The Schottky barrier diodes used in this study were fabricated with heterostructure substrate pro-
duced by Powdec K.K. growing an epitaxial GaN layer on n-type SiC substrate. Most of the current GaN
devices are based on GaN on Sapphire substrate. For the Schottky diode device using GaN/Sapphire
substrate, both Schottky and Ohmic contacts have to be made on the same surface because Sapphire
is insulator. However, the diode with such a structure is not preferred to use for the particle detector
because the device design is complicated and its sensitive area is limited. On the other hand, the diode
with GalN/SiC substrate can be designed more simply due to the electric conductivity of SiC. The Ohmic

contact can be put on the SiC side. The diode structure is shown in Fig.1.
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Fig.1. GaN diode structure.

The chip size of the diode was 0.5x0.5 mm?, and the thickness of the GaN and SiC layers were
~900 and ~280 nm, respectively. The Ti/Au Ohmic contact was deposited on to the SiC and the Schot-
tky Ni/Au electrode was put onto the GalN layer. For the irradiation test, the diode was placed onto
the metal package. The current-voltage (I-V) characteristics of the diodes were measured by the ultra
high resistance meter (ADVANTEST R8340). The leakage current was well suppressed (~10 nA/cm?)
and the breakdown voltage was typically above 20V. These performances were comparably good to the
present GaN diode. We also investigated the photo-conductivity to the UV light, and it showed a good
performance as the photo diode. Actually, the thickness of the sensitive layer was too thin to evaluate
the performance for the charged particle (even for, e.g., o particles), for now.

The I-V characteristics were measured before and after irradiation in order to determine the effects

of the incident electrons.

2.2 Electron beam irradiation

Beam irradiation was carried out at Laboratory of Nuclear Science, Tohoku University (LNS), using
a 150 MeV pulsed electron beam. The beam current was measured by the SEM placed at the downstream
of the target diodes. The conversion factor from the SEM current to the beam current was calibrated
in advance of the experiment, which has about 30% uncertainties. The mean beam current value in
this experiment was found to be 2.5 uA. We assumed that the beam condition was stable during the
irradiation, then the current measurement was employed just once in prior to the irradiation. In this
experiment, we prepared several diodes and irradiated them with electrons with various fluences. Dur-
ing the irradiation, the target diodes were not applied voltage, then the output currents from the diode
were not monitored.

The beam profile was measured by the radio-activity of aluminum foil irradiated with the electron
beam with the same conditions in the irradiation to the diodes. After irradiating the foil, the activity of
the segmented area of the foil was measured by a Ge detector. The profiles along X and Y axes with the
fitted Gaussian curves are shown in Fig.2. The electron fluences on the diode were obtained considering
the mean current of the beam and these profiles. The fluence for each sample is shown in Table 2.2. The

errors in the list were from the uncertainties of the SEM calibration data.
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Table 1. Calculated electron fluences for each sample.

Electron fluence [/cm?]
Sample 1 2.2 +0.7 x 10™
Sample 2 2.2+ 0.7 x 101
Sample 3 1.8+ 0.4 x 10™®
Sample 4 3.4+1.0 x 1018

§3. Results and Discussion

Figure 3 shows the I-V curves before and after irradiation for each fluence. No significant increase
of leakage currents was seen even with the electron fluences above 10'%/cm?. The break down voltage
was not changed clearly. These results would prove the radiation hardness of the GaN.

The degradation of the semiconductor detector is strongly dependent on the energy loss of particles
irradiated in both non-ionizing (atomic displacement) and ionizing (form of electron-hole pair) processes
in the material. The non-ionizing energy loss of a 150 MeV electron is estimated to be 0.1 keV cm?
g1 [4], and this is smaller than that of other charged particles and a neutron. Besides the type of the
particles, we should consider that the thickness of the diode used in this experiment was just ~ 1pum. The
particle detectors used practically have much thicker structure, so that non-ionizing and ionizing effects
are supposed to increase in such detectors. Therefore we still need to perform the irradiation test using
heavy charged particles such as protons or « particles to discuss precisely the radiation hardness of the
GaN material. Furthermore, we should repeat the test with changing the experimental conditions since
the damage effects depend on various parameters (e.g., with/without applying the voltage, temperature,

device structure, and so on).
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Fig.3. Current-Voltage characteristics for the sample before and after electron beam irradiation.

§4. Summary

We have evaluated the tolerance of the GaN material for the radiation damage irradiating with
high energy electron beam. The performance was not significantly changed after irradiating 1016 /cm?
electrons. The GaN might be a promising candidate for the material of future particle detectors. We

should keep investigating the performance under various conditions and ensure the advantages.
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The waveform of signals from a germanium detector was measured by a Flash ADC under the high
counting condition by a positron beam at LNS. Even if a baseline is shifted after preamp reset, the
original energy was obtained by analyzing the waveform. The effectiveness of the wavefrom readout for

J-PARC experiments was shown.
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[1] H. Tamura et al.: J-PARC proposal E13, ”Gamma-ray spectroscopy of light hypernuclei”
(2006).
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We performed bulk chemical and noble gas analyses of three eucrite meteorites, Juvinas, Stannern
and Dhofar 007 (Dho 007) for their single specimens and estimated 244Pu-Xe age. Juvinas and Stannern
are brecciated noncumulate eucrites. Dho 007 is an anomalous cumulate eucrite, which is suggested
to be a possible relationship with mesosiderites. We present here new data of bulk chemical composi-
tion and chronological information for Dho 007 in addition to these for the other eucrites, Juvinas and

Stannern.
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1A Ay BT, BT LT, BRSO LRE T BEHEaTIc L 22— 7 74 FEAD

iy N
Juvinas Stannern Dhofar007
this work lit.* this work lit.* this work lit. **
Si % 22.6 £ 0.5 22.97 £0.3 23.3 £ 0.5 23.00 = 0.45 22.9 0.5 21.6
Ti % 0.437 =0.001 0.3713 = 0.0231 0.576 = 0.001  0.586 = 0.0272 0.219 £ 0.001 0.123
Al % 6.87 £ 0.06 6.93 £ 0.20 6.20 = 0.04 6.47 = 0.37 5.80 £ 0.04 6.67
Cr ppm 1940 = 3 1783 £ 369 2119 =3 2081 *= 330 2854 = 5 3052
Fe % 14.48 = 0.04 13.9 = 0.9 14.7 = 0.0 141 %+1.0 13.3 £ 0.0 12.2
Mn % 0.435 = 0.010 0.404 £ 0.020 0.434 = 0.011 0.392 = 0.361 0.409 = 0.010  0.403
Mg % 3.89 = 0.33 4.22 +0.10 4.28 £+ 0.40 4.23 = 0.24 6.61 £ 0.49 5.67
Ca % 6.50 = 0.02 7.66 £ 0.40 6.89 £ 0.02 7.54 £ 0.31 5.95 £ 0.02 8.22
Na % 0.300 %= 0.001 0.320 £ 0.028 0.412 £ 0.001 0.403 £ 0.046 0.278 £ 0.001  0.257
K % 0.026 = 0.005 0.0328 = 0.0064 0.062 = 0.008 0.0646 = 0.0078 0.033 = 0.005 0.0241
B ppm 0.90 £ 0.11 0.965 = 0.474 1.17 £ 0.14 3.390 = 3.361 0.987 £ 0.136
S % 0.705 £ 0.044 0.15 £ 0.10 0.52 £ 0.05 0.19 = 0.12 2.76 £ 0.07 0.465
Cl ppm n. d. 28.50 + 14.80 n. d. 34.5 305 = 19
V  ppm 59.3 £ 3.8 85 £ 16 54.5 £ 3.7 77.0 £ 12.0 86.9 = 4.0 81.6
Sc  ppm 31.13 £ 0.07 28 = 1.6 31.05 = 0.08 31.2 £0.85 24.81 &= 0.06 21.61
Co ppm 6.58 = 0.08 4.7 £0.9 4.89 = 0.07 6.6 £ 3.4 50.5 = 0.2 59.8
Ni % n. d. 4=+ 34 n. d. 728 0.115 £ 0.001  0.0929
Sr ppm 70.2 = 3.0 74.9 £ 5.2 88.0 1.3 88.8 £ 6.0 127 = 2
Y ppm 19.5 = 0.7 16.5 £ 0.7 30.3 1.0 27 £ 1.2 8.06 = 0.48
Zr ppm 451 £ 0.7 449 = 1.6 93.8 = 0.9 8 £ 1.1 21.03 = 0.53
La ppm 2.95 = 0.04 2.582 £ 0.238 5.13 £ 0.06 5.166 = 0.320 1.14 = 0.03 0.386
Ce ppm 8.92 = 0.45 6.934 £ 0.563 13.9 = 0.6 13.344 £+ 0.694 2.21 =0.49 0.908
Sm ppm 1.90 = 0.01 1.623 £ 0.128 3.13 = 0.01 3.227 = 0.175 0.632 £ 0.006 0.261
Eu ppm 0.71 £ 0.05 0.624 £ 0.036 0.84 £ 0.07 0.808 £ 0.047 0.420 = 0.022  0.330
Yb ppm 1.88 £ 0.07 1.602 = 0.188 2.96 £ 0.10 2.663 £ 0.314 0.899 £ 0.046 0.427
Lu ppm 0.27 = 0.01 0.255 = 0.024 0.41 = 0.02 0.408 = 0.028 0.128 = 0.009 0.067
Ir ppb n. d. 0.096 £ 0.08 n. d. 0.12 £ 0.01 549+ 14 49
Au ppb n. d. 4.3+ 34 n. d. 6.85 £ 9.43 199 +1.2 9.2
*Kitts and Lodders (1998). **Yamaguchi et al. (2006).
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