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Abstract

We plan to measure the g-factor of a A particle inside a nucleus. Since
a g-factor measurement of the hypernucleus is not feasible due to the short
lifetime, we decided to derive the g-factor of a A in a nucleus from the re-
duced transition probability B(M1) of a hypernucleus in the A-spin-flip M1
transition and the g-factor of the core nucleus. The lifetime of the excited
hypernucleus can be measured only by means of the Doppler Shift Attenua-
tion Method. Because of the adaptable condition of this method, we decided
to carry out measurements of the B(M1) for }'B (3/2t — 1/2%) and the
g-factor of the first excited state (17) of B nucleus.

In CYRIC of Tohoku University, we carried out test experiments to per-
form the precision g-factor measurement of 1°B (1%) in 5 % accuracy. Since
the lifetime of B (11) is very short (0.707 ns), we need a large number
of events. So, we examined whether TIPAD method (Time Integral Per-
turbed Angular Distribution) could be used in this measurement. In this
method, since we need to measure the rotation angle of the nuclear spin in
magnetic field, a large magnitude of the spin alignment has to be produced
in the nuclear reaction. As a result of these test experiments, we obtained
Ay=0.0312 £ 0.0043 as the magnitude of anisotropy of **B(1* — 3%) y-ray
angular distribution in the “Li(a, n)'"B(1") reaction at E, = 8.5 MeV, for
example. In short, we did not observe a large spin alignment of '°B (17) in
any of the test experiments.

In order to measure the B(M1) of the M1 transition (3/2t — 1/2%) of
B, we carried out an experiment of the !B v ray spectroscopy at KEK-PS
K6 beam line. In this experiment, we injected 1.05 GeV 7+ beam to a ''B
target (23 g/cm?) and measured the 7 rays from the excited }'B hypernucleus
produced in (77, K*) reaction. We selected the excited states of }' B produced
by the (7F, KT) reaction using the K6/SKS spectrometers, and measured
rays from the hypernucleus using Ge detectors in Hyperball. As a result, we
observed six 7 rays from }'B excited states at 264, 456, 503, 565, 1482, 2482
keV, and two of them were assigned.






Contents

Introduction
1.1 Motivation of g-factor measurement of a A hyperon inside a
nucleus . . . ... L

1.2 Derivation of A g-factor from the core nucleus g-factor and the
M1 transition probability . . . . . . .. ... o0

Precision measurement
of "B (1T) g-factor

2.1 Principle of g-factor measurement . . . . ... ... ... ...
2.1.1 Past experiment . . . . . .. .. ... ... ... ...
2.1.2  Methods of g-factor measurement . . . . ... .. ...
2.1.3  Angular distribution of y-ray . . .. .. ... .. ...

2.2 Experimental Setup . . . . ... ... ... L
2.2.1 Outline . .. ... .. ... ..
2.2.2  Detectors and data readout modules . . . . .. . ...
223 Target . . . . ..o

2.3 Run conditions . . . . ... ... oo

24 Analysis . . . ..

25 Results. . . .. ...

B(M1) measurement of
A spin-flip in }'B
3.1 Doppler Shift Attenuation Method . . . . . . ... ... ...
3.2 Principles and setup of the experiment . . . ... ... .. ..
3.3 KEK PS K6 beam line and SKS spectrometer . . . . . .. ..
3.4 Hyperball . . .. ...
341 Gedetectors . . . . ..o
342 BGOcounters . . . . ... .. ... ...
3.5 Trigger logic and data-acquisition system . . . . . .. .. ...
3.5.1 PIK trigger logic . . .. ... ... ... ... ...
3.5.2  Data-acquisition system . . . . ... ..o,

il



3.5.3 High rate modules and Hyperball electronic circuit . . 45

3.5.4 Monitoring system . . . .. ... Lo 46

3.6 UBtarget . . . .. ... 47
3.7 K6/SKS spectrometer analysis . . . . ... ... 48
3.8 Hyperball analysis . . . . ... .. ... ... . L. 50
3.8.1 Ge detector analysis . . . ... ... ... L. 50

3.8.2 BGO counters analysis . . . . ... ... ... ... .. 65

3.9 Results. . . . . o o 66

4 Summary 75

v



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6
2.7
2.8
2.9

2.10
2.11
2.12

2.13

Spin doublet and spin-flip M1 transition in a hypernucleus. . . 4

Simplified level scheme of 1°B. In the past experiment, the
7559 keV OB(0) state was produced by proton capture on
9Be, and vy angular correlation between 6148 keV and 718.3
keV 7 rays was measured to determine the g-factor of 1°B(17). 6
Relation between several g-factor measurement methods and
adaptable range of the nucleus lifetime [17]. . . . . . ... .. 9
Angular distribution in the c.m. system for the scattered neu-
trons corresponding to the first excited state of °B in the
Li(a, n)'9B reaction. The energy means the a beam energy
(18], o o 11
Cross section of "Li(a, n)¥B reaction. n; indicates the thresh-
old and the cross section to produce the i-th excited state
of 19B. The solid curve represents the neutron cross section
corresponding to the 1B (3%) ground state. The dashed line
represents the total yield in “Li(ca, n)!°B reaction. The dash-
dot line represents the cross section corresponding to the first

and second excited states [18]. . . . . ... ..o o0 11
Cross sections of ?C(d, a)'"B. q; stands for the i-th excited

state of B [23].. . . ... 12
Schematic view of beam transport lines in CYRIC. . . .. .. 14
Schematic view of 34 course. . . . . . .. .. ... 15

Energy levels of 1°B. Excitation energies are given in keV [24]. 16

Locations of Ge detectors. GeA measures the angular distri-
bution, and GeB monitors the beam intensity. . . . . . .. .. 18
Layout of the measurement circuit. . . . . ... ... ... .. 18
Schematic view of the targets and the target holder in EXP0801. 19
Beam energy and level scheme of °B. Energies are given in
keV. 20
v ray energy spectrum of the beam monitoring Ge detector in
EXPO8S0L. . . . . . . 21



2.14
2.15
2.16

2.17

2.18

2.19

2.20

3.1

3.2
3.3
3.4
3.5
3.6

3.7
3.8
3.9
3.10
3.11

3.12
3.13
3.14

The ~ spectrum with the fitting function. . . . . . . .. . . .. 23
Centering calibration data plot. . . . . . .. .. .. ... ... 25

Angular distribution of the 718 keV 1B (1t — 3%) 4 ray. Solid
line shows the angular distribution for the spin alignment of

100 % (Ag = 0.1429). . . . .. 27

A fitting to angular distribution of the °B 718 keV ~ ray in
order to determine A;. Red curve is the best fit for Ay +
A1P1(COS 0) + AQPQ(COS 0) .................... 27

Angular distribution of the 414keV 1B (1t — 07) y ray. Solid
line shows the angular distribution for the spin alignment of
100 % (Ao =—=1.0). . . . o o 28
A fitting to angular distribution of the 1°B 414 keV ~ ray in
order to determine A,. . . . . ... ..o 28
Angular distribution of the 997 keV M'Gd (13/2= — 7/27) v
ray and a fitting to obtain As value. . . . . ... ... L. 30

Level scheme and main v transition of {'B calculated by Mil-
lener. Fx, Nff, and 7 stand for calculated excitation energy
(MeV), effective neutron number proportional to the produc-
tion cross section, and calculated lifetime of the state, respec-
tively. . . L 33

Cross sections of hyperon productions via (7, K*) reactions. . 34

Schematic view of K6 beam line.. . . . .. ... ... ..... 35
Schematic view of K6 beam line.. . . . .. ... ... ..... 36
Schematic view of the beam spectrometer. . . . . ... .. .. 37
Threshold refractive index for Cerenkov radiation as a function

of the momentum. . . . .. ... ... .. ... ........ 38
Schematic view of SKS spectrometer. . . . . .. .. ... ... 39
Schematic view of Hyperball. . . . . . ... ... ... .. .. 41
Schematic side view of the experimental setup around the target. 41
Schematic view of the Ge detector. . . . . ... ... ... .. 42
Schematic composition of one slot in Hyperball, composed of

Ge detector, BGO counter and °Co pulser. . . . ... .. .. 43
Trigger logic diagram . . . . . . . .. .. ... .. L. 45
Layout of electronic circuit of the Ge detectors. . . . . . . .. 46
Schematic view of the 1'B target. . . . ... ... ... .... 47

vi



3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23
3.24

3.25

3.26
3.27

Top left histogram shows the time of flight cut region be-
tween BH1 and BH2. (—60 ~ 60 channel). Top right one
shows the time of flight cut region between BH2 and TOF.
(—200 ~ 400 channel). Bottom left shows the secondary mass
cut region. (400 ~ 600 MeV). Bottom right shows the vertex
cut region in the beam direction. (—100 ~ 100 mm) . . . . . . 49
Peak shifts of slot2, slot4, slotb and slot8 Ge detectors be-
tween spill-on and off periods (RUN 141,226,490). Error bar
represents the sigma in the gaussian when the %°Co 1.33 MeV
peak was fitted with gaussian + linear function. . . . . . . .. 51
ADC spectrum of a Ge detector measured in the HyO target
run, in which '°O excited state was produced with (7, 77)
and (77,N) reactions. '°0 6129 keV + peak was clearly observed. 54

v ray energy spectrum without requirement of the beam tim-
ing in the Ge TDC. It includes accidental background events. . 54
The calibration fitting between ADC channel and energy. Bot-
tom figure shows the difference from the calibrated energy to
the real energy of the calibration yray. . . . . . . ... .. .. 56
ADC vs. TFA TDC scatter plot. “2DCUT region” means
the region for the events produced in the reaction. “TFAcut
region” is set by only TFA TDC data in order to cut the events
more strictly in a low energy region. . . . . . .. . ... .. .. Y
TFA TDC distribution and cut regions for each energy region
of ADC data (320 < ADC < 352 keV, 640 < ADC < 672 keV,
1600 < ADC < 1632 keV and 3840 < ADC < 3872 keV). . . . 58
ADC CRM TDC data plot before the correction. Triangle dots
shows the maximum in the CRM TDC plot for each energy
part. ..o 60
ADC CRM TDC data plot after the correction. . . . .. ... 60
ADC vs CRM TDC scatter plot. “2DCUT region” means
the region for the events produced in the reaction. “CRMcut
region” is set by only CRM TDC data in order to cut the
events more strictly in a low energy region. . . . . . . . .. .. 61
CRM TDC distribution and cut regions for each energy region
of ADC data (320 < ADC < 352 keV, 640 < ADC < 672 keV,

1600 < ADC < 1632 keV and 3840 < ADC < 3872 keV). . . . 62
MMustration for pile up events. . . . . . .. .. ... ... ... 63
Multihit TDC spectrum of TFA. Time region for the pile-up

rejection is shown. . . . . . . ... ... 63

vii



3.28

3.29
3.30
3.31

3.32

3.33
3.34

3.35

3.36

3.37

3.38

3.39

Multihit TDC spectrum of CRM. Time region for the pile-up
rejection is shown. . . . ... oo oo 64
Time difference AT from the main signals to the satellite signals. 64
[Mustration for the Doppler broadening effect. . . . . . . . .. 65
The S/N and S?/N ratios of real events (S) and background

events (N) obtained from the 718 keV peak fitting result for
various time lengths of BGO TDC cut. . . .. ... ... ... 66
BGO TDC spectrum and the optimum BGO cut region (1250
ch width). Here, the rising point is 130 ch and the edge of this
regionis 1380 ch. . . . . ... oo oo 67
v ray energy spectrum before and after the BGO TDC cut. . . 67
LB excitation energy spectrum. Binding energy of A hyperon.
“Bound region gate” means the energy gate for the bound
states of }'B hypernucleus produced (7, K¥) reaction. “Un-
bound region gate” is the energy gate for the highly excited
HB hypernucleus which receives too large energy to produce
bound hypernuclei. . . . ... ... ... o000, 69

LB 4 ray energy spectrum for the bound region gate and with-
out the Doppler shift correction. In addition, the expanded
figure shows that with the Doppler shift correction. A peak is

clearly observed at 2482 keV. . . ... ... ... ... 69
~v-ray energy spectra of 150 ~ 700 keV for the bound region
(top) and the unbound region (bottom) gates. . . . . ... .. 70
~v-ray energy spectra of 600 ~ 2000 keV for the bound region
(top) and the unbound region (bottom) gates. . . . . . .. .. 71
~v-ray energy spectra of 1600 ~ 4500 keV for the bound region

gate with and without the Doppler shift correction (top and
middle) and the unbound region gate (bottom). . . . . .. .. 72
Assigned v rays form the excited states of the }'B hypernu-
cleus. Red arrow indicates the transitions we have assigned at
present. . ... L. Lo 73

viil



List of Tables

2.1
2.2

2.3
2.4
2.5

2.6

3.1

3.2
3.3
3.4
3.5
3.6
3.7

Beam specifications of the AVF cyclotron . . . . . . ... ...
Positions and specifications of the germanium detector used
in the experiments. . . . . . . . ... ... ... ... ...,
Specifications of natural Li and *?C targets . . . . . ... ...
Measurement conditions of each experiment. . . . . .. . . ..
Magnitude of the Ay value in the angular distribution of the
718 keV 9B (1T — 3T) 7 ray obtained in each measurement. .
Magnitude of the As value in the angular distribution of the
414 keV 1B (1T — 0%) v ray obtained in each measurement.
EXP0920 is the measurement with the (d, ) reaction.

Specifications of the beam spectrometer and the SKS spec-
trometer. . . . . . ..o
Parameters of K6 beam line (E518). . . . ... ... ... ...
Beam condition in E518 beamtime. since the primary beam. .
Parameters of BGO counters. . . . ... ... ... ......
Target conditions and the number of irradiated pions. . . . . .
v rays used in the Ge calibration. . . . . . .. ... ... ...
v ray energies measured in E518. Here, “broad” means the
Doppler broadened peak, and “high energy tail” means the
peak having a tail to the high energy region. The latter peaks
are coming from excited states of Ge nuclei produced by the
Ge(n,n')Ge* reaction. . . . ... L

1X



Chapter 1

Introduction

1.1 Motivation of g-factor measurement of a
A hyperon inside a nucleus

In recent years, the medium effect of hadrons in a nucleus is frequently dis-
cussed in nuclear physics. By the EMC experiment [1], the nuclear medium
effect of hadrons was firstly reported. Since then, in order to investigate the
nuclear medium effect, many experiments have been proposed and performed
12, 3,4, 5]. It was recently predicted that meson mass in a nucleus is modified
in nuclear medium due to partial restoration of chiral symmetry [6], and in
the E325 experiment at KEK, the mass change of vector mesons in nuclei
was observed [7].

Most of the nuclear phenomena can be described by hadron picture that
a nucleon interacts with surrounding other nucleons by exchanging mesons.
However, the reason why the degree of freedom of quarks inside hadrons does
not appear in nuclei is not understood well, and it is expected that there are
nuclear phenomena which can not be explained by hadron picture. Inside of
a nucleus, quark-gluon picture based on QCD may have to be applied. In
this region, however, perturbative QCD can not be applied. That is why the
interactions between quarks and gluons are too strong to assume asymptotic
freedom. Non-perturbative QCD is too difficult to solve. Though it can
be calculated in principle using lattice QCD, it is still difficult to deal with
real baryons. Thus, in low energy region, instead of using QCD, the hadron
properties are described using effective models.

In some of the effective models, hadrons are assumed to be composed of
constituent quarks having constituent quark mass. With these models, the
g-factors of baryons can be well reproduced as the sum of the g-factors of
constituent quarks as Dirac particles having the constituent quark masses.



The mass change of the hadrons in a nucleus due to partial restoration of chi-
ral symmetry is interpreted as the change of constituent quark mass. Then,
the g-factor of the nucleon inside a nucleus may be also changed. Such a
study also enables us to understand the origin of the baryon g-factors.

Measurement of the g-factor of baryons in deep inside of nucleus is not
possible for nucleons. Since the nucleon can not be inserted into deeply inner
region of a nucleus by Pauli effect, and deep hole states are very unstable,
only the g-factor of the nucleon placed in the surface region of a nucleus
can be measured [8]. Then, the g-factor measurement of a A hyperon in a
hypernucleus is expected to be the only way to approach this problem. That
is why the hyperon can occupy deep bound state orbits, because it is free
from Pauli effect and the interaction between the A hyperon and the nucleons
inside the hypernucleus is weak. Therefore, we plan to measure the g-factor
of a A hyperon inside a hypernucleus and investigate the nuclear medium
effect.

1.2 Derivation of A g-factor from the core
nucleus g-factor and the M1 transition
probability

The method of measuring a frequency of the Larmor precession in the mag-
netic field has been often used to measure g-factors of various nuclei. In fact,
several experiments to measure the g-factors of A hypernuclei in this method
have been proposed. However, the g-factor A hypernucleus measurement has
not been performed untill now. That is because the lifetime of a A hypernu-
cleus is too short (~ 0.26 ps) to measure the g-factor. If the magnetic field
of 2 T is applied, using the g-factor of a free A hyperon, gy = —0.6138, the
precession angle becomes Af = (.88 degrees. Considering a very small yield
of hypernuclei, this angle is insufficient to determine the g-factor.

On the other hand, we considered a feasible experiment for indirect mea-
surement of the g-factor of A in a hypernucleus. When a A hyperon is coupled
to the core nucleus with spin J., the level is split into a doublet (J;, J¢) as
shown in Fig 1.1. If the spin of the A hyperon flips, the M1 transition from
the upper state of J; to the lower state of J; in the doublet occurs. Due to
a weakly coupling nature between the core nucleus and the A hyperon, it is
considered that only the A-spin component in the wave function is different
between ®; and ®;. In this case, the relation between the lifetime of the ex-
cited state 7, transition rate ['(M1), and the reduced transition probability
B(M1) is expressed as [9]



Ji Jy

11
2 2

l = F(Ml) = a1(AE)gg(2Jf + 1) { tl]c } (gc - gA)2

ﬁ

= 1.76 x 10°(AE[MeV])? B(M1)[uy] sec*

using oy = 4.2x10'2 sec™t MeV=3. Here, g. and gp are the g-factor of the
core nucleus and the A inside the nucleus, and B(M1) is given in the unit of
nuclear magneton (uy). The transition probability B(M1) is proportional
to (g. — ga)? With this relation, we can derive the g-factor of the A hyperon
in the nucleus from the g-factor of the core nucleus and the B(M1) of a
spin-flip M1 transition between the hypernuclear spin-doublet states. From
this relation, the lifetime 7 is calculated to be of the order of ~ ps for ~ 0.5
MeV 7~ rays.

The lifetime measurement of hypernuclei of ~ ps order is feasible by means
of the Doppler Shift Attenuation Method (DSAM). However, in order to use
this method, the lifetime of the objective excited state of hypernucleus and
its stopping time in the target material need to be close to each other. There
are no such doublets of hypernuclei except for the excited state doublet of
IB (B (17) @ A).

With the above relational expression,

AB(M1)?

m(gc - QA)2

AgA = \J (Agc)2 +

is obtained. If Ag./g. and AB/B are 5 % and 15 %, using the g. measured
in the past and assuming that g, in the hypernucleus is equivalent to the A
g-factor in free space. we could obtain 16 % accuracy of the A g-factor in
the hypernucleus. In order to achieve these conditions, we have tried test
experiments to measure the g-factor of the core nucleus 'B(17) in CYRIC

of Tohoku University, and carried out an experiment (E518) to measure the
B(M1) of ¥'B(3/2* — 1/2%) at KEK PS.



gr,. &,
MY
Jg Spin doublet
M1 (hypernuclear
fine structure)
core J @
.

hypernucleus

Figure 1.1: Spin doublet and spin-flip M1 transition in a hypernucleus.



Chapter 2

Precision measurement
of VB (17) g-factor

2.1 Principle of g-factor measurement

As stated above, the measurement of the g-factor of the first excited state
(1%) of B nucleus is necessary to derive A g-factor in the hypernucleus §'B.
This measurement was once carried out in the past. As a result, the g-factor
of 1B (17) was obtained to be 0.63 + 0.12. Tt has a very large error of 19
%. Using this value, the g-factor of A in the hypernucleus }!B will have a
large error. In order to investigate how different the A g-factor value in the
hypernucleus is from that in the free space, we must make the error as small
as possible. In the present experiment, we plan to measure the g-factor of
0B (17) state with an error less than 5 %.

2.1.1 Past experiment

In the past, R. Avida et al. of the Weizmann Institute of Science group
carried out a g-factor measurement of '°B (1) [10]. In the experiment, the
0% resonance in 1B at 7.56 MeV was formed by proton capture on ?Be, and
the angular correlation of the subsequent vy cascade (6.84 MeV and then
0.718 MeV) through the first excited state (17)was measured. Fig 2.1 shows
a simplified level scheme of 1B in this reaction.

In this experiment, a proton beam was accelerated to 1.084 MeV by a
Van de Graaff accelerator. The beam intensity was 3 ~ 5 pA. The excited
9B nucleus generated by proton capture on “Be was implanted into a gold
backing to prevent relaxation of alignment. The v rays from the excited °B
state were measured with three Nal(Tl) counters (two 12.5 x 12.5 ¢m and one
12.5 x 10 ¢m in dimensions). Those detectors were placed about 50 ¢m from
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the target at 120 ° intervals. In this measurement an integral measurement
was performed with the magnetic field, H= 4+17.6 kG, because of the short
lifetime (1.0 ns) of the 1B (17) state. The period of the experiment was
continuously about eight weeks. Consequently they obtained +0.63 £ 0.12
as the value of the 1°B (17) g-factor.

At that time, the lifetime of °B (1) which needed to derive the g-factor
was 1019 £ 16 ps [11, 12, 13, 14]. Tt is considered that R. Avida et al. used
this value. After this, though in 1982 W. J. Vermeer et al. measured it in
better accuracy [15], it does not significantly reduce the error of the g-factor.
Therefore, we have to measure again the '°B (1) g-factor within 5 % error
by other methods.

7559 0
6585 //////
g M1
Be+p 6148.5
2154 1
1740 0"
718 1

718.3| E2 :
A
10 B
Figure 2.1: Simplified level scheme of 1“B. In the past experiment, the 7559
keV 19B(0*) state was produced by proton capture on Be, and 7y angu-

lar correlation between 6148 keV and 718.3 keV v rays was measured to
determine the g-factor of 1°B(17).

2.1.2 Methods of g-factor measurement

In general, according to properties of the objective nucleus, there are char-
acteristic methods for g-factor measurement, such as measurements of the
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splitting energy in hyperfine structure, the transition energy between mag-
netic substates and the frequency of Larmor precession [16].

The first method is applied when the nucleus is usually placed in the
strong magnetic field H produced by surrounding electrons. In this case,
the nucleus with a magnetic moment p gets an energy of —pH. This inter-
action can split an energy state into a number of energy states (hyperfine
structure) by the direction differences between the angular moment J of the
surrounding electrons and the spin 7 of the nucleus. Thus, if we can measure
the splitting energy, the g-factor can be obtained. In fact, it is possible to
measure the splitting energy in spectroscopy. However, since the magnetic
field H is estimated from the wavefunctions of the surrounding electrons in
this method, the accuracy of the g-factor can not be made better than 10 %.

Secondly, if the nucleus exists in a uniform external magnetic field, an
energy state is also split into a number of energy states (Zeeman splitting).
With use of a radiowave whose frequency is equivalent to the energy differ-
ences between the separated states, it causes a resonant transition. If we use
the objective nucleus as beam, it is deviated from the original beam track
in a magnetic field gradient, when the resonant transition takes place, and
we can derive the g-factor from the radiowave frequency. Since the magnetic
field is well known and the frequency of the radiowave can be measured accu-
rately, this method is adapted to measure the g-factors of the ground states
of a lot of stable nuclei. Nuclear Magnetic Resonance (NMR) is another
method to use the resonance phenomenon. In the NMR method, the nucleus
is placed in the magnetic field and makes Larmor precession. Then, another
magnetic field of high frequency radiowave is applied perpendicular to the
original magnetic field. When the frequency matches the transition energy,
the HF field is absorbed and a resonant transition occurs. Then, we can
derive the g-factor from the measurement of the radiowave intensity. Since
the sample of the nucleus can be fixed in the magnetic field and it is not
difficult to measure the change of the radiowave intensity, the NMR, method
can be adapted to almost all materials.

However, the above two methods need a large amount of sample of the
nucleus. For unstable or excited nuclei, there are a lot of cases in which it
is difficult to apply them. In order to measure g-factors of such nuclei, it
is necessary to measure the frequency wr, of the Larmor precession in the
magnetic field. In the vy angular correlation method called PAC (Perturbed
Angular Correlation), the angular correlation of two cascading ~ rays from
the nucleus in a static magnetic field is measured. First, with the first ~
transition in the cascade transitions, the direction of the spin alignment is
determined. Second, the angular distribution of the second transition with
respect to the direction of the alignment is measured. In the v angular dis-
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tribution method called PAD (Perturbed Angular Distribution), since the
polarization or alignment perpendicular to the beam injection is produced
by the nuclear reaction, the angular distribution can be obtained with only
one 7 ray from the polarized or aligned nucleus in the magnetic field. In these
methods, we can obtain the rotation angle of the Larmor precession from the
angular correlations or the angular distributions with up and down magnetic
fields, and the g-factor can be derived. These methods are restricted to the
nuclear states with the lifetime from 1072 to 10 *s. IPAD and DPAD meth-
ods stand for the time integral method and the differential method in the
PAD method. Similarly, IPAC and DPAC stand for the integral and differen-
tial PAC methods. For nuclei with longer lifetimes, there is the stroboscopy
method. Observing the PAD time spectrum by a pulse beam of the period
T and sweeping the magnetic field H, oscillation patters of the frequency
2wy, appear on the nm/wyp of the magnetic field. This is called the strobo
resonance. This method can be applied to the nuclear states of about 10 ms
life time.

To the contrary, the states with shorter lifetimes of 107!2 to 1071° need
a stronger magnetic field which can make measurable rotation in the mean
lifetime. In such cases, by the recoil of the nuclear reaction, the nucleus is
embeded into ferromagnetic material, so that we can use the strong internal
magnetic field of 200 to 300 kG. Moreover, by means of transient magnetic
field of about 100 MG, the g-factor can be obtained even for the nuclear states
of a lifetime of about 10~'* s. The adaptable conditions for each method with
nuclear Larmor precession are shown in Fig 2.2.

2.1.3 Angular distribution of y-ray

The lifetime of the B (17) state is 1020 & 5 ps. Since this value is much
smaller than the cycle of Larmor precession in our setup, we studied feasibility
of the experiment with TIPAC (Time Integral Perturbed Angular Correla-
tion) and TIPAD (Time Integral Perturbed Angular Distribution) methods.
We estimated a possibility of using the TIPAC method in our setup. The
frequency of the Larmor precession is expressed as
wL = —49g M
h

using nuclear magneton py, the magnetic field B and Planck constant A. In
the TIPAC method, the angular correlation is represented as

We,+B) = > b

cosn(0 F Ab,,)
n=even /1 + (nwLT)2
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n=even

P, stands for the n-th order Legendre polynomial function, and for example,

1 9
b() = A0+ ZAQ + —A4

16
3 )
bg - ZAZ + 1_6A4
35
b4 — 6—4A4

Here, A6,, has the following relation :
tannAb,, = nwrT

Considering to second order and using the g-factor measured in the past
experiment and our maximum magnetic field of our setup, 2.5 T, in these
two equations, the expected rotation angle was obtained as

tan2A0 = —0.153,
A0 = —4.37 degrees.

In this condition, supposing that we carry out the g-factor measurement
of B (17) with 5% accuracy, 2.02 x 107 coincidence events are needed. This
number is too large to realize the experiment with a reasonable beam time.

Thus, we considered another method instead. Since the coincidence be-
tween 7 detectors are not needed in the TIPAD method, it is easy to increase
the number of events. If we use this method, it would be possible to accom-
plish the precise measurement of the g-factor of 1B (17). However, since
the TIPAD method needs the spin alignment of the produced nucleus in the
nuclear reaction, it is essential how much the alignment is. Thus, we decided
to measure the magnitude of the spin alignment in test experiments.

We studied two reactions in the test experiments. They were "Li(a, n)'B
and *2C(d, a)°B reactions. In the past, experiments with "Li(a, n)1°B were
carried out [18, 19, 20]. From these experiments, the angular distribution of
the scattered neutron and the cross section of each excited state of the pro-
duced "B were obtained as shown in Fig 2.3 and 2.4. At 7 MeV, this reaction
has a large cross section of 40 mb for 1°B (17) state. In addition, the angular
distribution of the scattered neutron has a large anisotropy. We considered
that this anisotropy indicated the existence of the spin alignment of this
10B(17) state, and we adapted this reaction to perform the test experiment.
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represents the neutron cross section corresponding to the '°B (3%) ground
state. The dashed line represents the total yield in "Li(a, n)!°B reaction.
The dash-dot line represents the cross section corresponding to the first and
second excited states [18].
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In addition, we performed an experiment with the 2C(d, a)!’B reaction.
The excited *B(0") state almost always give rise to the cascade 7 decay via
the (1%) state (0T — 17 — 37). Since the spin alignment does not exist in
the B(0") state, the 718 keV v ray (1T — 3%) has isotropic distribution
and makes a background for the measurement of 1B (17) 718 keV angular
distribution. In the 2C(d, a)'°B reaction, since the ground state of a is 0T,
it is difficult that the produced "B becomes 0% [21, 22, 23]. Therefore, we
carried out a test experiment with the *C(d, a)'°B reaction. In addition, we
examined the difference between the former (o, n) reaction and this reaction
in making the spin alignment of the '°B (17) state. The cross section of the
1T excited state produced in the 2C(d, a)!°B reaction has 60 mb from Fig
2.5. This value was considered to be adequate for our purpose.
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Figure 2.5: Cross sections of 12C(d, a)'B. a; stands for the i-th excited state
of 1B [23].

2.2 Experimental Setup

2.2.1 Outline

The test experiments were carried out at the Cyclotron and Radiolsotope
Center (CYRIC) of Tohoku University to examine the magnitude of the B
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Accelerated Particle Accelerating Energy Beam Intensity

(MeV) (nA)
Positive Ton
p 10-90 50
d 10-65 50
3He 20-170 50
« 20-130 50
2¢ 20-397 5 particles
N 20-463 5 particles
160 20-530 5 particles
2Ne 20-662 5 particles
328 20-698 3 particles
4OAY 20-744 3 particles
80Ky 20-695 3 particles
129X e 20-748 1 particle
Negative Ion
b (H) 10-50 300
d (D7) 10-25 300

Table 2.1: Beam specifications of the AVF cyclotron.

(17) spin alignment. The facility has an AVF (Azimuthally Varying Field)
cyclotron which can produce beams of various ion particles. The layout the
facility is shown in Fig 2.6. The beam specifications of this AVF cyclotron
are shown in Table 2.1.

We used the 34 beam course (Fig 2.7) which had the magnet system for
the perturbed angular distribution measurement. This magnet system can
compensate a tilted angle of the incident beam direction due to the influence
of the perturbed magnetic field. However, in our experiments the magnets
were not used since we would only measure the magnitude of the spin align-
ment of the nucleus. The experiment was carried out in 5 different conditions
with the “Li(a, n)'B reaction, and in one condition with the 2C(d, a)!°B
reation. Beam energies were 12, 23 MeV for a and 10.5 MeV for duteron,
respectively. In the cases of the (a,n) reaction, we used several sheets of
mylar degrader (1.63 mg/cm?) to seek the most suitable a energy lower than
12 MeV. The level scheme for these reactions is shown in Fig 2.8.

Two sets of germanium (Ge) detectors were used. One was fixed to mon-

itor the beam intensity and the other was for measurement of the angular
distribution. The latter was put on a goniometer and used for measurement

13
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Figure 2.6: Schematic view of beam transport lines in CYRIC.
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Figure 2.8: Energy levels of 1°B. Excitation energies are given in keV [24].

at several angles. A measurement at one angle took 10 minutes.

After every experiment we placed a '3"Cs source at the beam spot position
by inserting an acryl bar with the source at the end. We took centering
calibration data to correct the position difference between a beam spot and
the center of goniometer.

2.2.2 Detectors and data readout modules

In these test experiments, two Ge detectors were used as mentioned above.
The detector to measure the angular distribution (GeA) was installed on the
goniometer. Measurements were made at five angles (60, 75, 90, 105, 120
degrees). The conditions of the measurements are shown in Table 2.4 in
the following chapter. The beam monitoring Ge detector (GeB) was fixed
at —90° at the opposite side of GeA. Fig 2.9 shows the positions of the Ge
detectors. The Ge detectors used in the experiments and the positions are
shown in Table 2.2. We adjusted angles of the goniometer with an accuracy
of 0.1 © and remotely operate it from outside of the beam area. The data
taking trigger was made from each Ge detector independently, and the ~
spectrum of each Ge detector was acquired. In addition, in order to keep the
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date position preamplifier

Ortec 0725,0801 GeA, GeB transistor reset type
Oxford 0920 GeA resistance feed back type
Eurisys Clover 0920 GeB transistor reset type

Table 2.2: Positions and specifications of the germanium detector used in
the experiments.

beam intensity constant, the single count of each detector was also measured
with a scaler.

Electronics modules used in these experiments are 4801A ADC, LN-9000-
IM list adapter, LN-9100 list memory and LN-9000 list controller which are
made in Laboratory Equipment company. The signals from the Ge detectors
were sent to the 4801A ADC, after the preamplifier and the main amplifier
(Ortec 973U ete. ), and digitized. The digitized data were stored in the list
memory through the list adapter. This 4801A ADC needed a conversion
time of 2.6 us + 0.010 N for one event. Here, N stands for pulse height of
a input signal in the unit of channel. (A full range of the ADC is 4096 ch
and 8 V.) Since this system can take data faster than CAMAC, we used this
system. In addition, since this system can correct the measurement time
to the real data-acquisition live time, we can carry out these measurements
without worrying about the data-acquisition dead time. Fig 2.10 shows the
layout of the measurement circuit.

2.2.3 Target

In our experiments, we used two kinds of targets, a natural Li target and
a '2C target for the (a,n) reaction and the (d,a) reaction, respectively. We
used a piece of natural Li foil whose size was 0.06 mm x 50 mm x 100 m
(3.2 mg/cm?) from HONJO METAL CO., LTD. In addition, we used a *C
sheet from Nilaco Corporation, which had a size of 0.10 mm x 50 mm x 50 mim
(35.1 mg/cm?). Table 2.3 shows the specifications of each target. To min-
imizing the influence of v ray absorption in the target holder, we mounted
each target on an alminium holder whose end was partly cut away, and in-
stalled into the chamber at -45 degree as Fig 2.9. The schematic view of the
target holder used in EXP0801 is shown in Fig 2.11.
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Figure 2.9: Locations of Ge detectors. GeA measures the angular distribu-
tion, and GeB monitors the beam intensity.
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Figure 2.10: Layout of the measurement circuit.
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Table 2.3: Specifications of natural Li and '2C targets.

purity thickness
Natural Li  99.8 % 0.059 ~ 0.062 mm (3.2 mg/cm?)
12¢ 99 % 0.10 mm (35.1 mg/cm?)
blank ZnS 1.1

EXP0801 7™ % |

OO0

Li+Mylar degrader

Figure 2.11: Schematic view of the targets and the target holder in EXP0801.

2.3 Run conditions

We performed experiments 3 times in order to examine the magnitude of the
0B (17) spin alignment (EXP0725, EXP0801 and EXP0920).

Since v rays from B (07) 2154 keV state make an isotropic angular
distribution and become background in our measurement, we needed 8.5
MeV a beam to decrease population of the 1B (0%) state. But, in CYRIC,
12 MeV is the minimum energy for a beam. Thus, we degraded 12 MeV «
beam down to 8.5 MeV using Mylar sheets in EXP0725. In addition, in order
to examine differences by the a beam energy injected to the Li target, we
used a beam of 21 MeV as well as 8.5 MeV. In EXP0801, we performed no
Mylar degrader measurement, and examined the influence of the Mylar sheet.
Finally, in EXP0920, we used the ?C(d, a)!B reaction. The conditions of
each experiment are shown in Table 2.4. Fig 2.12 shows each beam energy
in the level scheme of 1°B.

In the past, a g-factor measurement in *4Sm(a, n)**Gd reaction with our
setup was carried out [17, 25]. It is known that this reaction with 23 MeV
a beam makes a large alignment to 6Gd. In order to check whether our

measuring system is working correctly, the measurement with 44Sm target
using 23 MeV a beam was carried out in EXP0725.
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Figure 2.12: Beam energy and level scheme of 1°B. Energies are given in
keV.
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Table 2.4: Measurement conditions of each experiment.

Date 0725 0801 0920

Beam energy 8.5, 21 11, 12 10.5 (MeV)
Reaction (a,n) (a,n) (d, @)

Target natural Li natural Li Carbon sheet
Target thickness (pm) 60 60 100

Mylar sheets 3 1,0 0

Number of measurement 7, 2 1,5 6

times

Single rate counts 10k, 13k 9k 13 k

2.4 Analysis

The v energy spectrum obtained in EXP0801 is shown in Fig 2.13. We
roughly calibrated the energy of each Ge detector with v rays from °B
excited states of 414 keV, 718 keV and 1021 keV.

EXP0O801

-
o,
\
/

T

counts
T TT IHlllu/
£/
£ /

/

\

| . | . | M . | . | . | . |
500 1000 1500 2000 2500 3000 3500 4000
E,(keV)

Figure 2.13: ~ ray energy spectrum of the beam monitoring Ge detector in
EXP0801.
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718 keV angular distribution

We examined the B (11) 718 keV angular distributions in the "Li(a, n)!B
reaction. First, in order to obtain the number of the 718 keV °B (1T — 37)
v peak events, we fitted the following function f(z) to the region around this
peak in the GeA v ray spectrum. Since there was a tail in the low energy
side of the 718 keV ~ peak, we divided the fitting region into three parts.
In addition, we also regarded also the background as exponential function of
fa(z). The fitting function f(z) with 8 parameters is :

f(x) = fi(z) + fol2)

where fi(z) is in & > po region,

(z — p2)?
filz) =p eXp(—T%)
in py <z < py region,
(z — p2)?
filz) =p: exp(—T%)
and in x < py region,
(ps — p2)2

fi(x) = prexp(— ) exp(ps(T — pa))

2p3
In the total fitting region, fo(x) is

f2(x) = exp(p7 + psz)

After the fitting, we calculated the integral of fi(z), and obtained the number
of the 718 keV peak events. Fig 2.14 shows the v spectrum with the fitting
function f(z).

Second, in order to correct for the beam intensity in each measurement,
we counted the 477 keV peak events from the “Li (1/27) excited state in
the reaction. We fitted a linear function to the region surrounding the peak,
and obtained the number of the background events. Then, we obtained the
number of the 477 keV peak events by subtracting the background events
from total events in the region.

By dividing the number of the 718 keV peak events by the number of
the 477 keV peak events, we canceled the differences from beam intensity.
In addition, we divided the value of the 718 keV peak counts at each angle
by the value at 90 degree for normalization. We considered only statistical
errors.
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Fitting 718 keV peak
\ f(x)=f (x)+f,(x)
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f,(x)=p,exp((x—p,)"/(2p}’

Counts/keV

1000
B \ f,(x)=p,exp((x—p,)*/(2p,?))
800
600 /
L £,()=p,exp((p,—p,)/(Zp;)exp(p,(x—p,)
400_— \
200

f,(x)=exp(p,+p.x)
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

680 690 700 710 720 730 740 750 760
ADC(keV)

Figure 2.14: The v spectrum with the fitting function.

23



414 keV angular distribution

The 414 keV peak was observed in EXP0725 (E, = 21 MeV), EXP0801
(Eq = 11 MeV, 12 MeV) and EXP0920 (Eq = 10.5 MeV). Thus, we exam-
ined the 414 keV angular distribution. The fitting function to obtain the
number of the peak events composed of the peak part fi(z) and the back-
ground part fo(z). fi(x) was the same as above, and fo(z) was 2nd order
polynomial function. In EXP0725 and EXP0801, the number of the beam in-
tensity was obtained by the same way as above. In EXP0920, in stead of the
477 keV peak counts of “Li (1/27 — 3/27), we corrected for the differences
from the beam intensities with the 718 keV peak counts of 1B.

Centering correction

Finally, we corrected for a deviation between the target position and the
center of the goniometer with the centering calibration data which was taken
with ¥7Cs source after the experiments. The number of the 662 keV peak
events at each angle was obtained by fitting, and these values were normalized
so that the value at 90 degree becomes unity. The centering calibration data
plot is shown in Fig 2.15. We divided the angular distribution data obtained
above by these values.

2.5 Results

By the analysis described above, the angular distribution of the 718 keV
ray of 1B (17 — 3%) was obtained as shown in Fig 2.16. From the angular
distribution, we derived the magnitude of the anisotropy by fitting. Without
magnetic field, the angular distribution is written as the following:

W) = Y. A,Pu(cosb).

n—=even

Here, P,(cos®) is n-th order Legendre polynomial function. Considering to
the second order of this equation, we have

W) = Ay+ AyPs(cosb).

Ajs indicates the magnitude of the anisotropy due to the spin alignment. This
W(0) has the forward-backward symmetry as indicated above. However,
our obtained angular distributions have a small asymmetric component. It
is probably a fake asymmetry which appeared by unknown reasons in the

24



Centering calibration data

| EXP0O801
1— i 4
0.995—
> 0.99—
(>
g I
(o))
*50.985—
o) i
[
Gy
/= 0.98—
B 3
0.975—
R
0.97—
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
60 70 80 90 100 110 120
Angle

Figure 2.15: Centering calibration data plot.
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Table 2.5: A magnitude of the angular distribution of 718 keV B (17 — 3%)
obtained in each measurement.

Date Reaction E, and Eq (MeV) Ay x?/DOF
EXP0725 T"Li(a,n) 8.5 0.0312 £ 0.0043 30
EXP0725 T"Li(a,n) 21 —0.017£0.019 3.2
EXP0801 "Li(a,n) 12 0.0054 4+ 0.0044 21
EXP0801 "Li(a,n) 11 0.010 £ 0.011 0.42
EXP0920 2C(d,a) 10.5 —0.023 £0.029 4.9

measurement and cannot be canceled by the centering data. Therefore, in
order to obtain Ay value, we fitted the following function:

W) = Ao+ Ai1Pi(cosf) + AyPs(cos0).

Fig 2.17 shows the fitted histogram with the above function.
As a result,

Ay =0.0312 £ 0.0043

was obtained (EXP0725, E, = 8.5 MeV). The results for the other measure-
ments are shown in Fig 2.5. Even if Ay = 0.0312, we need a beam time of
more than 170 days to measure the g-factor in 5 % accuracy in our setup. If
the spin alignment is 100 %, the magnitude of A, is 0.1429 [26]. Therefore,
we conclude that the spin alignment of the 1B (1) state is very small when
the v ray is emitted. As this reason, it is considered first, that the spin align-
ment was not produced by the “Li(a, n)!°B reaction. Second, the relaxation
of the alignment before the v ray emission is large enough to destroy the
alignment.

When the spin alignment of the 414 keV ~ ray of 1B (17 — 07) is 100
%, the Ay value is —1.0 [26]. This value is larger in magnitude than that of
1B (17 — 3%). In addition, since lifetime of this state is very short (1.48
ps), we can neglect the relaxation effect. Thus, we also examined the angular
distribution of the 414 keV ~ ray. Fig 2.18 shows the angular distribution of
the 414 keV v ray. In the same way as above, we obtained

Ay = —0.046 £ 0.049

as Ay value of the 414 keV v ray in the *C(d, ) reaction. From the A,
values shown in Table 2.6, we concluded that the spin alignments of 1°B are
hardly produced by the (a,n) and (d, a) reactions.
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Figure 2.16: Angular distribution of the 718 keV "B (1* — 3%) ~ ray. Solid
line shows the angular distribution for the spin alignment of 100 % (Ay =
0.1429).
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Figure 2.17: A fitting to angular distribution of the B 718 keV v ray in
order to determine Ay. Red curve is the best fit for Ag + A;Py(cos ) +
Ay Py(cos0).
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Table 2.6: A magnitude of the angular distribution of 414 keV B (17 — 07)
obtained in each measurement. EXP0920 is the measurement with (d,«)

reaction.
Date Reaction E, and Eq (MeV) A, x?/DOF
EXP0725 Li(a,n) 21 —0.080 £ 0.056 9.0
EXP0801 T"Li(a,n) 12 0.108 £ 0.012 5.4
EXP0SO1 "Li(a,n) 11 0.120 £ 0.030  0.99
EXP0920 2C(d,a) 10.5 —0.046 £0.049 1.5

In the measurement with a 4Sm target in EXP0725, the objective 1579
keV v ray of 6Gd (3= — 07), which gave a large A, value in the previous
experiment, could not be measured with an adequate amount. On the other
hand, the angular distribution of 997 keV + rays of 147Gd (13/2~ — 7/27) E3
transition was clearly obtained as in Fig 2.20. From this angular distribution,

As = 0.439 £+ 0.053

was obtained, while the magnitude Ay of the angular distribution of the 997
keV v rays of *7Gd (13/2~ — 7/27) for 100 % spin alignment is 0.7692 [26].
It confirmed that our measuring system can correctly detect anisotropy if it

exists.

In summary, we found that the g-factor of 'YB(17) cannot be measured
in 5 % accuracy with TIPAD method.
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Figure 2.20: Angular distribution of the 997 keV *7Gd (13/2~ — 7/27) v
ray and a fitting to obtain A, value.
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Chapter 3

B(M1) measurement of
A spin-flip in /1\1]3

3.1 Doppler Shift Attenuation Method

In hypernuclear experiments, cross sections of the hypernuclear production
reactions are very small. Therefore, in order to increase the yields of the
hypernuclei, a thick target (several g/cm?) is used. In addition, objective
excited state of the hypernucleus }'B(3/27) is expected to have a lifetime of
the order of ps. Therefore, we use the Doppler Shift Attenuation Method
(DSAM) to measure the B(M1) of the M1 transition (3/2* — 1/2%) of }'B.
In this method, when the v rays are emitted during the slowing-down process
of the recoiling excited hypernucleus, we can examine a partly Doppler broad-
ened v ray peak shape which is sensitive to the lifetime of the excited state.
This method has the adaptable condition that the lifetime and the stopping
time of the recoiling hypernucleus are close within a factor of 2 or 3. In
the (K=, 77) reaction, the produced hypernucleus does not receive a large
momentum transfer. However, since the produced hypernucleus receives a
large momentum transfer in the (7, K*) reaction, we used not the (K=, 77)
reaction but the (7+, KT) reaction to measure the B(M1) of }'B in DSAM.
In the past, Tanida et al. have measured the B(E2) of 1Li (5/2% — 1/27)
by this method in KEK E419, and they confirmed the shrinking effect of
hypernucleus [27]. By the shell-model calculation by Millener, which used
the spin-dependent parts of AN effective interactions derived from other hy-
pernuclear level data, the lifetime of the objective (3/2") state of the }'B is
expected to be about 0.5 ps. In addition, using a large momentum transfer
of the (7+, K*) reaction, the stopping time of the recoiling hypernucleus in
boron material is estimated to be 1.0 ps. Therefore, this condition is consid-
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ered to be almost the best. Fig 3.1 shows the level scheme of }'B calculated
by Millener [28].

3.2 Principles and setup of the experiment

In order to produce }!B bound state events in the (7F, K*) reaction with
1.05 GeV/c " beam, and measure B(M1) of the A spin-flip M1 transition
B (3/2% — 1/2%), this experiment (E518) was executed at the K6 beam
line of the Proton Synchrotron (PS) in High Energy Accelerator Research
Organization (KEK) [29]. The K6 beam line has the beam spectrometer
and the scattered particle spectrometer [30, 31]. The latter is called the
superconducting kaon spectrometer (SKS). We can identify the beam and
the scattered particles and measure their momenta with these spectrome-
ters. Both spectrometer systems achieve a good momentum resolution of 0.1
% at 1 GeV/c (FWHM). In our experiment, we selected the bound states of
UB in the "B(rt, KT)}!'B reaction by the K6 beam spectrometer and the
SKS spectrometer and measured the v rays from }'B bound states with Ge
detectors of Hyperball. Hyperball was made of fourteen Ge detectors. In
order to detect v rays from the target effectively, the detectors were located
surrounding the target. In addition, each Ge detector was surrounded with
BGO counters. The BGO counters played a role of the suppressors of back-
grounds. The whole Hyperball had an energy resolution of 3.5 keV, and the
total efficiency of Ge detectors with beam on is about 0.01 at 1 MeV. A
large acceptance of the magnet for the scattered particle as well as a good
momentum resolution is required so that Hyperball can get a large yield of
~ rays from the hypernuclei. The SKS magnet in the K6 beam line has a
large acceptance of 100 msr. Thus, the experimental conditions with the K6
beam line and SKS are ideal to determine B(M1) of the A spin flip M1 tran-
sition }'B (3/2% — 1/2%). Table 3.1 shows the specifications of the beam
spectrometer and the SKS spectrometer. The cross section of the (7, KT)
reaction is much smaller than that of the (K™, 77) reaction. As Fig 3.2
shows, the cross section of N(m, K)A has a sharp maximum at about 1.05
GeV /¢, corresponding to around 0.7 GeV /c of a scattered kaon momentum.
Therefore, we set the beam central momentum at 1.05 GeV/c¢ and the SKS
central momentum at 720 MeV /c.
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Figure 3.1: Level scheme and main v transition of Y B calculated by Millener.
Ex, Nff, and 7 stand for calculated excitation energy (MeV), effective neu-
tron number proportional to the production cross section, and calculated
lifetime of the state, respectively.
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Table 3.1: Specifications of the beam spectrometer and the SKS spectrome-

ter.

oc d6/ di{0®) Lab ( Mb/sr)

The beam spectrometer

Momentum resolution 0.1 % FWHM

Momentum bite +3 %

Maximum central momentum 1.1 GeV/c

Bending angle 60 °

The SKS spectrometer

Momentum resolution 0.1% FWHM at 720 MeV /c

Maximum central momentum 1.1 GeV/c

Momentum bite +10 %

Bending angle 100 © for the central trajectory

Solid angle 100 msr

Flight path ~5 m for the central trajectory
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Figure 3.2: Cross sections of hyperon productions via (7", K*) reactions.
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3.3 KEK PS K6 beam line and SKS spec-

trometer

The K6 beam line was constructed mainly to perform various experiments
with the high intensity pion beam in 1 GeV /¢ momentum range. The high
intensity pion beam is produced by bombarding protons accelerated with the
KEK 12 GeV PS to a platinum target. At the K6 beam line, we can use the
pion beam whose momentum is between 0.5 and 1.2 GeV/c. The K6 beam
line is composed of two dipole magnets (D1,D2), ten quadruple magnets (Q1-
10), a sextuple magnet (SX), an electrostatic separator (DC separator) with
correction magnets (CM1,CM2) and four slits. Fig 3.4 shows a schematic
view of the K6 beam line. Here, we should notice that a DC separator is
installed in this K6 beam line. Therefore, in our experiment, we can use a
pure pion beam with little proton contamination. The operation parameters
of K6 beam line in our experiment (E518) are shown in Table 3.2.

K6 Beam Line

Production

0 5 10m

Figure 3.3: Schematic view of K6 beam line.

The beam spectrometer is located at the end of the K6 beam line. It com-
prised a QQDQQ magnet system with three trigger counters (eGC,BH1,2)
and four sets of drift chambers (BDC1,2,3,4). Fig 3.5 shows a schematic view
of the beam spectrometer.
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Figure 3.4: Schematic view of K6 beam line.

Table 3.2: Parameters of K6 beam line (E518).

Accelerator KEK PS (Proton Synchrotron)
Beam line K6 (North counter hall)
Primary beam 12 GeV

K6 production target Pt ¢10x60 mm?

Secondary beam 1.05 GeV/c 7" beam
Spectrometers beam spectrometer (QQDQQ)

scattered particle spectrometer (SKS)
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The eGC is a Cerenkov counter with Freon gas. It is installed in order to
reject positrons which contaminate the pion beams. The BH1 and BH2 are
the segmented scintillation counters, each of which consists of several plastic
scintillators and PMTs. Both of BH1 and BH2 have three-stage booster
powers for high counting rate condition. The BH2 gives the timing of all
beam-origin triggers. Using the difference of the coincidence timing between
the BH1 and BH2, proton contamination in the pion beam can be rejected
in the trigger level.

The momentum and the trajectory of each beam particle can be ob-
tained with a transport matrix and information of BDCs. Since the high
intensity beam passes through the BDC drift chambers, as well as SDC1
and SDC2 in the SKS spectrometer, they have the same structure of a short
drift cell for high rate condition. Each of them is composed of six layers
of sense wire planes (xx'uu’'vv’), where vertical and £15° titled wire planes
are denoted by x,u and v, respectively. One plane has 48 sense wires at
5 mm intervals. Each of the pair planes is displaced by a half-cell size
of 2.5 mm in order to solve the left-right ambiguity. The gas mixture is
Ar(76 %) + C4H19(20 %) + Methylal(4 %).

BDC1 BDC2 .
Beam
g
GC
BH1 Q7
0 2m
—

Figure 3.5: Schematic view of the beam spectrometer.

The SKS spectrometer is placed downstream of the experimental target
position. It is composed of a sector-shape superconducting dipole magnet
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with three kinds of trigger counters (TOF,AC1,2,L.C) and five sets of drift
chambers (SDC1,2,3,4X,4Y). In our experiment, we set the SKS magnet
field at 2.2 T (272 A) in order to accept scattered kaons of 720 MeV. The
momentum of each scattered particle is obtained by reconstructing a particle
trajectory with the Runge-Kutta tracking method using hit positions on the
five drift chambers and a precisely measured magnetic field map. In order to
reduce the influence of the multiple scattering, drift chambers were made as
thin as possible. In addition, the spaces between the drift chambers were filled
with helium. Since a kaon of the scattered particle decays with a lifetime of 12
nsec, the SKS spectrometer has a short flight path of ~ 5 m. The three kinds
of the trigger counters are used to identify the scattered particles as pions,
kaons and protons. The TOF is the time-of-flight counter wall to identify
the scattered particles. This is composed of sets of plastic scintillators and
PMTs on up and down ends. Using the time of flight information between
BH2 and TOF, we can identify particles in the offline analysis. The AC1
and AC2 are silica aerogel Cerenkov counters having the same specification
of a refractive index 1.06 and a threshold of 5 0.944. These ACs can reject
pions whose momenta are lower than 0.4 GeV/c. The LC is a threshold type
Cerenkov counter. It is composed of segments of lucite radiators which have
a refractive index 1.49 and a threshold of 5 0.671. Each of them has PMTs
on up and down ends. This LC can reject protons whose momenta are lower
than 0.85 GeV/c.
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Figure 3.6: Threshold refractive index for Cerenkov radiation as a function
of the momentum.
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The SDC1 has four planes (uu’vv’), and the SDC2 has 6 planes (xx'uu’vv’),
with a drift length of 2.5 mm. Since the counting rates are not so high, the
SDC3, SDC4X and SDC4Y have a long drift length of 21 mm. The SDC3 has
four planes (xx'yy’), and the SDC4X and SDC4Y have six planes. The pair
planes of SDC3 are shifted by a half cell size to solve the left /right ambiguity.
The gas mixture was Ar(50 %) + CyHg(50 %) at atmosphere pressure.

INS-SKS

600 MeV/c x 0 im

Figure 3.7: Schematic view of SKS spectrometer.

3.4 Hyperball

In the present experiment, Hyperball was located between Q10 and SKS
magnet around the experimental target. Hyperball consists of fourteen Ge
detectors for measuring ~y rays from the excited hypernuclei, and BGO scintil-
lation counters surrounding each of the Ge detectors for suppressing various
backgrounds. In order to increase the yields of v rays from the experimen-
tal target, the Ge detectors are arranged in a barrel shape surrounding the
target. Hyperball covers about 15 % (47 sr) of the total solid angle from the
target point. Fig 3.8 shows a schematic view of Hyperball.

In the present experiment, so that above mentioned DSAM became effec-
tive, the experimental target was slightly placed in the downstream. Then,
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Table 3.3: Beam condition in E518 beamtime.

A producing reaction (r T, K™T) reaction
Intensity of primary proton beam

(When K5 primary target installed) 1.0 ~ 1.2 x 102 /spill
(When K5 primary target removed) 2.2 ~ 2.5 x 102 /spill
Intensity of 7+ beam

(When K5 primary target installed) 3.0 ~ 3.8 x 10°/spill
(When K5 primary target removed) 3.9 ~ 5.1 x 10°/spill
Spill length 1.8 sec

Accelerator operation cycle 4 sec

the distance from each Ge detector to the center of the Hyperball (the ex-
perimental target position) was 17 cm. The energy resolution of the whole
Hyperball detectors is close to the resolution of each Ge detector after energy
calibration. The whole Ge detectors had an energy resolution of about 3.5
keV with the 1.33 keV « ray of %°Co source.

3.4.1 Ge detectors

In the present experiment, fourteen Ge detectors mounted to Hyperball were
used. Each of the Ge detectors was identified with the “slot number” which
shows the direction of the Ge detector from the target center. Five of them
were products of Eurisys Measures company. Nine were products of ORTEC.
The Ge detectors have coaxial germanium crystals of about 7 cm¢x7 cm in
the head. Because of the endurance for radiation damage, the germanium
crystal is high-purity n-type one. One detector has relative efficiency of
about 60 %, and energy resolution of about 3 keV (FWHM, at 1.33 MeV).
In the hypernucler v ray spectroscopy, a conventional type of Ge detector
preamplifiers can not function due to the large energy deposit from beam halo
and scattered beam particles. Therefore, the Ge detectors in Hyperball have
the transistor-reset type preamplifiers [32, 33], and we also used the shaping
amplifiers with gated integrators as described in Sect 3.5.3. Conventional Ge
detector preamplifiers of the resistor feed-back type make the output signal
saturate or a base line shift after a large pulse due to a beam particle, which
results in a long dead time. Using the transistor reset type preamplifier, since
the dead time appears only when the preamplifier output reaches a defined
threshold voltage and the reset takes place, the dead time rate in the whole
measurement time can be decreased. The dead time after the reset is only
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Figure 3.9: Schematic side view of the experimental setup around the target.
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10 ~ 20 ps. In the trigger level, we imposed inhibition of 10 us after the reset
timing for the Ortec Ge detectors, and of 35 us for the Eurisys Ge detectors.

Fig 3.10 shows a schematic view of the Ge detector (ORTEC). The Ge
detector is composed of a cryostat part and a Dewar part. The cyostat part
has a germanium crystal and a preamplifier. In the Dewar tank, 3 [ of liquid
nitrogen is stored, and the Ge detector can be continuously used during about
72 hours without refilling liquid nitrogen. In beam time, we refill the Dewars
with a liquid nitrogen supplyer once a day.

Cryostat Part Dewar Part

129 &' 11£2 220 2 267 £°

B o |z

7741

Figure 3.10: Schematic view of the Ge detector.

3.4.2 BGO counters

Since the atomic number and the density of the Ge are not so large, the
efficiency of the photoelectric peak is not large either. Therefore, the en-
ergy spectrum of the Ge detectors suffers from huge background due to the
Compton scattering and high energy ~ rays from 7°. In addition, when the
high energy charged particles penetrate the Ge detector, the energy spectrum
also has background. For preventing these backgrounds, we installed BGO
counters around each of the Ge detector. Since the BGO (BiyGe3O12) has
the large effective atomic number (75) and density (7.13 g/cm?), it can catch
v rays scattered in the Ge detector. In addition, the BGO counters plays a
role of the active shield of the Ge detectors from the high energy particles.
Therefore, the BGO counters can suppress above mentioned backgrounds.
However, since the amount of light from the BGO crystal is small, in the
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Table 3.4: Parameter of BGO counters.

BICRON CHINESE
Volume(cm?®)  307(x6) 182(x6)
Thickness(cm)  1.8~2.85(taper) 1.9
Length(cm) 24.5 15
PMT 1" px12 137 px12
R1355
HAMAMATSU

experiment we set the discriminator threshold at the lowest value so that we
detect even the one photo-electron signals.

For one of the Ge detectors, twelve pieces of BGO counters made in
BICRON are used. For the others, six pieces of BGO counters made in
China are used. Table 3.4 shows the specifications of the BGO counters.

Al barrel(support stand) Al disk

flange screw bar y

BGO crystal

PMT l plastic scinti. w/%Co
--------

X _E_Ge_vl:_ﬁf,,,‘_ ______ - - - ] %_

beamline  [e=z---- LN, Dewar

10 cm

Figure 3.11: Schematic composition of one slot in Hyperball, composed of
Ge detector, BGO counter and ®°Co pulser.
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3.5 Trigger logic and data-acquisition system

3.5.1 PIK trigger logic

The cross section of the (77, K*) reaction is smaller than that of (7%, 77X),
(", pX), ete. by two or three orders of magnitude. Then, many background
particles are frequently produced through such various pion-nucleus reac-
tions. Therefore, the effective trigger which can pick up only events of the
(T, K*) reaction out of many backgrounds is necessary.

In the present K6 system, the (7t K¥) trigger is made from three kinds
of counters in the beam spectrometer (eGC, BH1, 2) and three kinds of
counters in the SKS spectrometer (TOF, AC1, 2, LC). The eGC plays a role
of rejecting positron contamination in the beam. In addition, by the time
difference between BH1 and BH2, it can reject proton contamination in the
beam. In the experiment, we used the following trigger as Beam trigger:

Beam = eGC x BH1 x BH2.

The scattered particle trigger (Kscat) is made from three kinds of counters
(TOF, AC1, 2, LC). AC1, 2 and LC play a role of rejecting pions and protons
in scattered particles, respectively. Scattered particle Kaon trigger is shown
in the following:

Kscat = TOF x AC1 x AC2 x LC.
The (7", K") trigger (PIK) is made of these two triggers as
PIK = Beam x Kscat.

The PIK trigger rate was about 400 /spill at Beam trigger rate of 3 M /spill.
Since most of the PIK trigger events included protons as scattered parti-
cles, we need to exclude protons in offline analysis using the time of flight
information. In this experiment, we also used other triggers for calibration
purposes. The PIK trigger did not include information of the Ge detectors
and the BGO counters. The trigger system is shown in Fig 3.12.

3.5.2 Data-acquisition system

During the beam spill, raw signals from all the detectors other than the Ge
detectors were sent to ADC and TDC modules in the TKO boxes. The signals
were converted to digitized data in the modules. Then, the data were stored
in the VME memory modules through VME-SMP interface modules. At the
spill end, those stored data were read out to a CPU module. In the spill off
period, the data of the CAMAC scalers were read out via a VME-CAMAC
interface. All data were written on a DVD RAM.
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Figure 3.12: Trigger logic diagram

3.5.3 High rate modules and Hyperball electronic cir-
cuit

The readout electronics diagram for Hyperball is shown in Fig 3.13. In order
to use the Ge detectors in the high rate conditions, we used the transistor re-
set type preamplifiers and main amplifiers with gated integrators (Ultra High
rate Amplifier : UHA, ORTEC 973U). The raw signals from the preampli-
fier of a Ge detector were sent to a UHA and a time filter amplifier (TFA
, ORTEC 579) and amplified. Inside the UHA module, it also has a fast
amplifier and discriminator and gives a logic signal called “Count Rate Me-
ter” (CRM) output. This logic signal has a time resolution of about 20 ns
(FWHM) for 1 MeV ~ ray. The discriminator for CRM automatically sets a
threshold just above the noise level. The amplified signals from the TFA’s
which has a good time resolution of 5 ns (FWHM) for 1 MeV ~ ray were
sent to Constant Fraction Discriminator (CFD) and changed to logic timing
signals. Thus, the analog and two kinds of timing signals from the UHA’s
and the CFD’s were digitized with ADC and TDC modules. The ADC was
8 k channel successive comparator type and the TDC was multi-hit TDC
(LeCroy 3377). We performed a pile-up rejection with this multi-hit TDC.
These Ge detector electronics were located in a small air-conditioned hut
close to Hyperball. The digitized data were sent to a VME memory module
with FERA bus and were stored. At the beam spill end, those stored data
were read out to the CPU module. In the spill off period, scaler data of the
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CRM and the Reset of each Ge detector were taken with CAMAC scalers
and read out via a VME-CAMAC interface. In the present experiment, we
took four kinds of data from the Ge detectors, energy information (ADC),
two kinds of timing information (CRM and TFA) and timing information of
the preamplifier reset.

In addition, we took the ADC and TDC data of the BGO counters. Since
the number of photons from BGO is small, we set the discriminator threshold
very low so as to catch one photoelectron signals.

Co pulser

Shutd
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™ 1 CAMAC
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(preamp) UHA , ADC
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Reset N 4' i< TDC
TFA » CFD [ [
FERA driver
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Figure 3.13: Layout of electronic circuit of the Ge detectors.

3.5.4 Monitoring system

In order to monitor the performance of the Ge detectors, such as energy
resolution, deadtime, gain drift, etc. during the beam time, we used the
monitoring system with ®°Co pulsers. As shown in Fig 3.11, a ®*Co pulser
was installed near each of the Ge detectors. The %°Co pulser was a plastic
scintillator in which ®°Co source is implanted. When a %°Co nucleus decays,
3 ray is caught by the plastic scintillator of the ®°Co pulser, and v ray by
the corresponding Ge detector. The Ge calibration trigger was made up of
the coincidence between the ®Co pulser and the Ge detector. Then, mixing
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it with the PIK trigger, we continuously observed the differences of %Co ~
peak positions and counts between the beam on and off periods.

3.6 !B target

In the B(M1) measurement using DSAM, the stopping time of recoiling hy-
pernuclei is very important as mentioned above. Since the boron block is
made from powder, generally, it does not have a uniform density. If the ''B
target density is not uniform, the stopping time is not constant. This disper-
sion increases the error in B(M1). Therefore, we made B sinters of a tablet
type from powder of enriched 1B (99 %) using a special hot-press technique
in Institute for Materials Research of Tohoku University. The density of this
target is 2.37g/cm?3, which is equivalent to more than 99 % of 'B metal
density. One tablet is 10 mm thick.

In this experiment, we used them in piles. The maximum of the whole
thickness was 10 cm, which corresponded to 23 g/cm?. We put them into
the cylinder of Mylar sheet, and fixed on the upper side of the target support
with sponge. Fig 3.14 shows the schematic view of this target. The target
was located slightly downstream from the center of the Hyperball frame. The
target position and the thickness were changed several times during the beam
time in order to adjust the counting rates of the Ge detectors and to control
their radiation damages. The specifications of each !B target condition and
the number of irradiated pions are shown in Table 3.5.

10cm

—lcm

Beam

«—

6cm dcm

v

Figure 3.14: Schematic view of the 1B target.
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Target Thickness Position =~ The number of pions

B 23 g/cm? (10 cm)  + 7.7 cm 7.05%x 107
13.8 g/em? (6 cm)  +12.7 cm 2.56x 1013
13.8 g/em? (6 cm) + 2.5 ¢cm 1.31x10"
23 g/cm? (10 cm)  + 5.0 cm 7.70x 10

Table 3.5: Target conditions and the number of irradiated pions.

3.7 KG6/SKS spectrometer analysis

The purpose of the K6 /SKS spectrometer analysis is to select the real (7, K*)
events, calculate the missing mass, and select the }'B bound state events.

First, we selected real 7 beam events. Many accidental events and koan
contamination were included in the Beam trigger. They were rejected by the
time of flight between BHI1 and BH2. Second, we selected real Kt scattered
events. The accidental events and the proton contaminations were included
in the Kscat trigger. They were rejected roughly by time difference between
BH2 and TOF, and hit positions of TOF and LC. In addition, the trajectory
and the momentum of scattered particles were obtained from hit position
information of the SDCs. We almost perfectly identified particles from the
secondary mass calculated from the momentum, the trajectory and the time
of flight information. Thus we could select the real (7, KT) events.

Finally, using the magnetic field map of the SKS magnet and hit positions
on the SDCs, we carried out tracking analysis of the scattered particles. The
momentum of the beam pion was also obtained for each event from the
tracking using BDC hit positions and a transfer matrix. We derived the
mass of }'B as

M({'B) = \/(EW + MM B) = Ex)? — (p2 + p% — 2p.px cos O,k),

using the beam pion energy (£,) and momentum (p,), the energy (Fk)
and momentum (pg) of the scattered kaons, and the scattering angle (0, )
between the beam and the scattered particles. Then, the binding energy of
A in 'B can be obtained with this mass of }'B, the mass of A and the mass
of 1B as

—By = M@}!B)— My — M(*B).

Fig 3.15 shows the cut conditions for the BH1-BH2 timing, the TOF-BH2
timing, the secondary particle mass, and the z-coordinate (beam direction)
of the vertex between the beam and the secondary particle tracks.
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Figure 3.15: Top left histogram shows the time of flight cut region between
BH1 and BH2. (—60 ~ 60 channel). Top right one shows the time of flight
cut region between BH2 and TOF. (=200 ~ 400 channel). Bottom left shows
the secondary mass cut region. (400 ~ 600 MeV). Bottom right shows the
vertex cut region in the beam direction. (—100 ~ 100 mm)
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3.8 Hyperball analysis

3.8.1 Ge detector analysis

The procedure of Ge detector analysis is shown in the following.
1. Energy calibration and ADC cuts
2. Reset inhibition
3. Accidental event rejection by TDC cut
4. Pile-up rejection
5. Doppler shift correction

First, we performed the energy calibration. In the low energy region (0 ~
1.6 MeV), we observed identifiable v rays in the spill-on period. However,
there was no ~y ray peaks in higher energy region than 2 MeV. In the present
experiment, we carried out HyO target runs and obtained 6128.6 keV v ray
from the excited state of 1°0. Using these 7 rays and two 7 rays from the
%0Co pulser, we performed the energy calibration.

Secondly, the preamplifier reset signal is analyzed. As mentioned above,
we made the reset inhibitions in the trigger level. Here, we only checked
whether the inhibitions were performed correctly using the TDC data of the
reset.

The third is the TDC cuts. The accidental background events, which
existed in the ADC gate having a width of about 3us, could not be excluded
from the real events in the trigger levels. Therefore, we cut the accidental
background events with the timing information using the TDC and ADC
data.

Forth, we performed the pile-up rejection. When the UHA (Ultra High
Rate Amplifier) once receives a signal from the preamplifier of the Ge de-
tector, it needs 3.0 ps for an integration time. In this period, if the next
signal is sent to the UHA, the UHA can not recognize the difference between
the former and the latter, and outputs the integration of those two signals.
Therefore, such pile-up events make backgrounds in the v energy spectrum.
In order to prevent them, we made a pile-up rejection using multi-hit TDC
data of CRM and TFA.

Fifth, we corrected the energy of « ray broadened by Doppler effect. In
the case that the stopping time in the target material is longer than the
lifetime of the excited state of the hypernucleus, the v ray emitted from the
hypernucleus is broadened by Doppler effect. Since the stopping time is 1.0
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ps in this experiment, we can identify v ray from the excited state having a
much shorter lifetime than 1.0 ps by this Doppler shift correction.

ADC calibration and ADC cut

With the Ge calibration trigger in the spill-on/off periods, we examined the
peak shift between spill-on and off periods and the gain drift during the whole
beam time (1 month). We fitted the °Co 1.33 MeV peak with a gaussian
and a linear function, and obtained the mean and sigma of the 1.33 MeV
peak. As shown in Fig 3.16, the spill-on/off peak shift was less than 1.5 keV,
and the gain drift was less than 2.5 keV at 1.33 MeV.
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Figure 3.16: Peak shifts of slot2, slot4, slot5 and slot8 Ge detectors between
spill-on and off periods (RUN 141,226,490). Error bar represents the sigma
in the gaussian when the %°Co 1.33 MeV peak was fitted with gaussian +
linear function.

We performed the energy calibration of the Ge detectors. Since we ob-
served several v rays from the target and the surrounding material in the
spill-on period in the low energy region (0 ~ 1.6 MeV) as shown in Fig 3.18,
we used those v rays to calibrate the energy of the Ge detectors. In ad-
dition, since we had taken data with the Ge monitoring system, two v ray
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lines from the ®°Co pulsers were also used for calibration. However, there
were no observed ~y rays in the energy region higher than 1.6 MeV. In order
to obtain the high energy calibration data, we performed H,O target runs
during the beam time. In these runs, we used the Beam trigger and injected
7T beam to the HyO target. Excited states of 10 were produced in the
(rt,7t"), (7, N) reactions, and we observed the %0 ~ ray peak at 6128.6
keV together with its single escape and double escape v ray peaks. Table 3.6
indicates the v rays used in the Ge calibration. We made the fitting with
the 4th-order polynomial function in the plot between ADC channel and the
v ray energy as shown in Fig 3.19 top. Fig 3.19 bottom shows the difference
from the calibrated energy to the real energy. The accuracy of the calibration
was found to be less than 1.5 keV in the whole energy region. Finally, in the
energy spectrum of the Ge detectors, we cut the lower region and the upper
region (less than 10 keV and more than 6780 keV). It was because underflows
made in offline analysis should be excluded and the energy range of the ADC
spectra were slightly different between detectors. After the calibration, v ray
energy spectra for all the fourteen Ge detectors were summed together. Fig
3.18 shows the calibrated v energy spectrum before the timing cut of the Ge
detector TDCs. The measured energies and assignments of the peaks in the
spectrum are shown in Table 3.7.

Reset inhibition

There is a recovery time of 10 ~ 20 us after the preamplifier reset occurs. In
this period, the signals from the preamplifier of the Ge detector can not be
used. Therefore, we must reject them from the v spectrum. In the trigger
level, we had already made the reset inhibition of 10 us to the Ortec Ge
detectors, and of 35 us to the Eurisys Ge detectors. Since we took the TDC
data of the reset timing, we used it and checked whether the reset inhibit
functioned in the trigger level.

Accidental event rejection by TDC cut

Here, we cut the background events accidentally existed within the ADC gate
width (about 3 us). We made timing cuts using the ADC and two kinds of
TDCs (TFA and CRM) of the Ge detectors in offline analysis. Fig 3.20 shows
the ADC vs. TFA TDC plot. Here, the area in color indicated the beam
timing events in TFA TDC. We made a two-dimensional cut region with the
following equation,

TFATDC = py exp(pyr ADC) + py +p3 ADC
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Table 3.6: v rays used in the Ge calibration. %°Co source means two v rays
from the °°Co pulsers in the Ge monitoring system. The v rays form 00
were measured in HoO target runs. Double escape and single escape in this
table represent the double escape and the single escape peaks of 6128.6 keV
line, respectively.

energy (keV) comments
9Bi K, X ray 76.24
209Bi Ky X ray 87.69

1B 414.1

1B 718.3

56 e 846.7

108 1021.7

6ONi 1173.2 89Co source (spill-on)

6ONi 1332.5 60Co source (spill-on)

1B 1435.8

2094 1608.5

160 5106.59 H50 target run (double escape)
160 5617.59 H50 target run (single escape)
160 6128.6 H5O target run
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Figure 3.17: ADC spectrum of a Ge detector measured in the HyO target
run, in which 0 excited state was produced with (7, 7%") and (7F,N)
reactions. 0 6129 keV v peak was clearly observed.
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Figure 3.18: v ray energy spectrum without requirement of the beam timing
in the Ge TDC. It includes accidental background events.
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Table 3.7: ~ ray energies measured in E518. Here, “broad” means the
Doppler broadened peak, and “high energy tail” means the peak having
a tail to the high energy region. The latter peaks are coming from excited
states of Ge nuclei produced by the Ge(n,n")Ge* reaction.

measured energy (keV) source v energy (keV) comments
74 Bi X-ray(K,)
86 Bi X-ray(Kg etc.)
197 1Ge ? 195.22
413 108 414.1
476 "Li 477.6 broad
511 ete” 511.0
562 6Ge 562.93 High energy tail
596 Ge 595.84 High energy tail
692 2Ge 689.6 High energy tail
717 10p 718.35
833 2Ge 834.01 High energy tail
845 2TA1,°6Fe 843.7,846.8
893 209Bj,72Ge 894.28, 894.26
1020 o 1021.7
1039 0Ge High energy tail
1238 56Fe 1238.3
1368 2U\Mg 1368.6
1432 108 1432.7
1483 Ge? 1483 High energy tail
1608 209Bj 1608.5
1808 26)\[g,56Fe 1808.6,1810.8
2213 27Al 2211.0
3364 108 3367.0 broad
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Figure 3.19: The calibration fitting between ADC channel and energy. Bot-
tom figure shows the difference from the calibrated energy to the real energy
of the calibration v ray.

where pg, p1, p2 and ps are cut parameters. We selected only the events asso-
ciated with the beam reaction. In addition, since there were more background
in a low energy region than in a high energy region, we cut again with only the
TFA data. As shown in Fig 3.20, we selected the events within the cut region
with these two cut conditions. Fig 3.21 shows the TFA TDC cut condition
for each energy region of ADC (320 < ADC < 352 keV, 640 < ADC < 672
keV, 1600 < ADC < 1632 keV and 3840 < ADC < 3872 keV).

We also performed a TDC cut for the CRM TDC data. As Fig 3.22
shows, the CRM TDC data were much dependent on the ADC data. First,
we divided all ADC region into 19 parts, and read the maximum in the CRM
TDC plot for each energy part. The triangle-dots in Fig 3.22 indicate them.
We fitted the following function to those dots:

Dbo

+ po + p3s ADC

where pg, p1, p2 and ps are fitting parameters. Then, the CRM TDC plot was
corrected so that the dots in the ADC-TDC plot form a straight line. Fig
3.23 shows the corrected ADC vs. CRM TDC plot. After this, we performed
the same analysis as for the TFA data. We made a 2DCUT region with the
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Figure 3.20: ADC vs. TFA TDC scatter plot. “2DCUT region” means the
region for the events produced in the reaction. “TFAcut region” is set by
only TFA TDC data in order to cut the events more strictly in a low energy
region.
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Figure 3.21: TFA TDC distribution and cut regions for each energy
region of ADC data (320 < ADC < 352 keV, 640 < ADC < 672 keV,
1600 < ADC < 1632 keV and 3840 < ADC < 3872 keV).
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following equation,

CRMTDC — —2° 4+ ps ADC,

vV P1 ADC

where pg, p1, p2 and p3 are cut parameters in order to select only the
real events produced by the beam reaction. Then, we cut again with only
the CRM data in the “CRMcut region”. In Fig 3.24, the “Selected re-
gion” indicates our selected area with these two cut conditions. Fig 3.25
shows the CRM TDC cut condition for each energy region of ADC data
(320 < ADC < 352 keV, 640 < ADC < 672 keV, 1600 < ADC < 1632 keV
and 3840 < ADC < 3872 keV).

Pile-up rejection

Using the multihit TDC, we performed the pile-up rejection. The pile-up
occurs, when two hits exist within the integration time (3 us) of UHA. Those
events having another hit in the pile-up time region before and after the
coincidence hit timing in the multihit TDC data were regarded as pile-up
events and rejected. In the case of TFA, we set the rejection time region at
+3.0 ps from the coincidence hit as Fig 3.27 shows. On the other hand, for
the reason of a defect of the preamplifiers, CRM signals had satellite signals
as Fig 3.28 shows. If such satellite signals are regarded as pile-up signals,
all the events would be rejected. Therefore, we defined the time region for
the pile-up rejection so as to eliminate the satellite signals. In order to know
the time length between the main signal and the satellite signal, we plotted
a distribution of AT, time difference from the former to the latter signals
in CRM TDC data. Fig 3.29 shows the AT distribution. In the pile-up
rejection, we eliminated the peak events in this figure out of the pile-up
region.

As mentioned above, we performed the offline analysis using the two kinds
of TDCs (TFA,CRM). Finally, we selected both of events accepted in the cut
conditions using the TFA TDC data and the CRM TDC data, respectively.

Doppler broadening correction

Since the produced hypernucleus has some velocity due to the recoil by the
(rT, K*) reaction, the v rays from the hypernucleus are broadened in en-
ergy by the Doppler effect, if the v rays are emitted before the recoiling
hypernucleus stops in the target. Using the formula

Es/orrected _ E’Teasured . '}’(1 _ ﬁCOS 9)
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Figure 3.22: ADC CRM TDC data plot before the correction.
Triangle dots shows the maximum in the CRM TDC plot for
each energy part.
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Figure 3.23: ADC CRM TDC data plot after the correction.
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Figure 3.24: ADC vs CRM TDC scatter plot. “2DCUT region” means the
region for the events produced in the reaction. “CRMcut region” is set by
only CRM TDC data in order to cut the events more strictly in a low energy

region.
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Figure 3.26: Illustration for pile up events.
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Figure 3.27: Multihit TDC spectrum of TFA. Time region for the pile-up
rejection is shown.
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with the velocity of the hypernucleus § and the angle 6 between the directions
of the recoiling hypernucleus and the ~ ray as shown in Fig 3.30, we corrected
the energy of the measured vy rays. Here, we assumed that v ray are emitted
before the velocity (8 begins to slow down, and we derived the direction and
the velocity of the hypernucleus from the directions and the momenta of the
beam particle and the secondary particle. The « ray direction was obtained
from the v ray emission point which can be regarded as the same as the vertex
point of the beam and secondary particles, and from the center position of
each Ge detector measured by the position survey after the experiment.

Ge

E measured
Y

Figure 3.30: Hlustration for the Doppler broadening effect.

3.8.2 BGO counters analysis

The purpose of the BGO counter analysis is to seek for the proper cut condi-
tions of BGO TDC data in order to suppress the backgrounds from Compton
scattering and high energy v rays. Fig 3.32 shows the BGO TDC spectrum.
In the present experiment, since we observed the 718 keV ~ peak from the
0B (17) excited state, we determined the proper TDC cut region using this
peak. First, we read out the rising point in the each BGO TDC distribution
and set BGO cut regions from the point with several time lengths (250, 500,
750, 1000, 1250, 1500, 1750, 2000, 2500, 3000, 3500, 4000, 5000 ch). If at
least one of the six BGO counters surrounding each Ge detector has a signal
in the BGO TDC cut region, we reject the event. For each v ray spectrum
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using each of the BGO suppression conditions, we fitted a gaussian and a
linear function to the 718 keV peak region and examined the numbers of the
real peak events (S) and background events around the peak (N). The S/N
and S?/N ratios for the thirteen time lengths described above are shown in
Fig 3.31. We selected the peak point (1250 ch) as the optimum time length.
The BGO cut region thus determined is shown in Fig 3.32.
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Figure 3.31: The S/N and S?/N ratios of real events (S) and background
events (V) obtained from the 718 keV peak fitting result for various time
lengths of BGO TDC cut.

Fig 3.33 shows the Ge ADC energy spectrum without or with the BGO
TDC cut. We found that the BGO TDC cut suppresses the continuous
background by a factor of 4 or 5 and that the loss of the 718 keV v ray
peak counts (overkill) is 18.0 %. This performance is good enough for our
experiment. The 511 keV peak due to e* annihilation is also suppressed.

3.9 Results

We obtained the energy spectrum of }!B in the (77, K*) reaction from the
K6/SKS analysis mentioned in Sect 3.7. The obtained energy spectrum is
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Figure 3.32: BGO TDC spectrum and the optimum BGO cut region (1250
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Figure 3.33: ~ ray energy spectrum before and after the BGO TDC cut.
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shown in Fig 3.34 in the scale of A-binding energy (By). In order to identify
7 rays from the excited states of the }!B hypernuleus, we compared the ~y ray
energy spectra between the }'B bound state region and the unbound state
region. We set the gates for the bound region and the unbound region in the A
binding energy spectrum. As mentioned in the following, a v ray peak clearly
observed at 1482 keV is ascribed to the v ray from the }!B hypernuleus. By
changing an upper level of the bound region gate by 1 MeV, we examined
the differences of the number of the 1482 keV peak events from ;'B in order
to find the optimum bound region gate. We set this bound region gate so
that the number of the peak events reached a maximum. Thus, we set:

—20 MeV < —B), < 2.5 MeV
as the bound region gate and
25 MeV < —Bj

as the unbound region gate.

Fig 3.36 top and bottom show the obtained 7 spectra of a low energy
part (< 700 keV) for the bound and the unbound region gates, respectively.
We found four v ray peaks from {'B by comparing these spectra. Each of
them locates at 264 keV, 456 keV, 503 keV and 565 keV. The ~ ray peak
at 503 keV was located just at leftside of the 511 keV e™ annihilation peak.
In addition, in higher energy spectra we found the other v ray peak in Fig
3.37. This has an energy of 1482 keV as stated above. These peaks ascribed
to }'B v rays are not observed at all in the unbound region spectra. Finally,
three figures in Fig 3.39 shows a high enrgy part (1.6 MeV - 4.5 MeV) of the
spectra for the bound region with the Doppler shift correction, the bound
region without the Doppler shift correction and the unbound region. From
them, we found a v ray peak of }'B at 2482 keV. Since the v ray peak was
sharpened by Doppler correction, this « ray is considered to be produced
from the excited state of !B having a short lifetime less than 0.1 ps. As a
result, we observed six 7 rays from {!B at 264 keV, 456 keV, 503 keV, 565
keV, 1482 keV and 2482 keV.

For the assignment of the observed v rays, since the 1482 keV ~ ray peak
has a sharp peak shape, the lifetime of the v ray is longer than the stop-
ping time (about 1 ps) of the recoiling hypernucleus in the target material.
If this v ray is an M1 transition, the lifetime is considered to be an order
of 10713 sec from the relation between the energy and the lifetime. This is
inconsistent with the result mentioned above. Therefore, this 1482 keV ~y
ray is suggested to be E2 transition. It is assigned as the E2 (1/2t — 5/2T)
transition, because in the expected }'B level scheme, (1/27 — 5/2%) is the
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' B excitation energy spectrum
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Figure 3.34: }!B excitation energy spectrum. Binding energy
of A hyperon. “Bound region gate” means the energy gate for
the bound states of }!B hypernucleus produced (7, KT) reac-
tion. “Unbound region gate” is the energy gate for the highly
excited A'B hypernucleus which receives too large energy to
produce bound hypernuclei.
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Figure 3.35: B ~ ray energy spectrum for the bound region
gate and without the Doppler shift correction. In addition,
the expanded figure shows that with the Doppler shift correc-

tion. A peak is clearly observed at 2482 keV.
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—

Figure 3.36: ~-ray energy spectra of 150 700 keV for the bound region
(top) and the unbound region (bottom) gates.
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