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Abstract

A hypernuclei give us invaluable information on the AS interaction. especially on

the spin-dependent part. via their structure. ,-ray spectroscopy is expected to be

a powerful tool to investigate hypernuclear structure utilizing its execellent energy

resolution available by using germanium detectors. We ha\'e newly constructed a

germanium detector system (Hyperball) for the purpose to determine the strength

of all the AN spin-dependent interactions.

As the first experiment using the Hyperball, we performed a ,-ray spec

troscopy experiment of XLi, which is the best hypernuclei to study the AN spin

spin interaction. Shrinking effect of a hypernucleus due to the presence of a A

particle ("glue-like role" of a A particle) was also studied in the experiment.

The experiment has been carried out at the KEK-PS K6 beamline using the

SKS spectrometer and the Hyperball. XLi hypernuclei were produced by the

7Li(1l'+, [(+) reaction, and the ,-rays were measured in coincidence.

We have succeeded in observing two ,-transitions of XLi, namely the M1(3/2+

---> 1/2+) transition and the E2(5/2+ ---> 1/2+). This is the first observation of

well-identified hypernuclear ,-rays with germanium detectors. The energies of the

two transitions were measured to be 691.7 ±0.6(statistical) ± 1.0(systematic) keY

and 2050.4 ± O.4(statistical) ± 0.7(systematic) keY. The precision of the present

results renews the world record of hypernuclear experiments by more than one

order of magnitude.

The energy of the J\,Il transition gives direct information on the strength of

the AN spin-spin interaction. The present result is consistent with the strength

estimated from the four-body hypernuclear data. Thus the strength of the AN

spin-spin interaction is experimentally established.

We also measured the lifetime of the 5/2+ state of XLi to be 5.8~g:~(statistical)±

0.7(systematic) ps from the peak shape of the E2 transition. Tills corresponds to

a B(E2; 5/2+ ---> 1/2+) value of 3.6 ± 0.5~g:~ e2fm 4
, which gives a clear indication

of the shrinkage of XLi and the "glue-like role" of A is experimentally verified.

With those results, we have proven the usefulness of ,-ray spectroscopy in

studies of hypernuclei. We are planning further experiments on various hypernu

clei such as ~Be, ~60 and so on to determine the other spin-dependent interactions

and to study further hypernuclear physics.
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Chapter 1

Introduction

1.1 Physics of hypernuclear i-ray spectroscopy

The AN interaction is the first step toward the unified understanding of general

baryon-baryon interactions beyond the well-known N N interaction. Since the

AN interaction contains new information on the baryon-baryon interactions even

at the limit of flavor SU(3) symmetry, knowlegde of the AN interaction is essen

tial to understand general baryon-baryon interactions. In this point of view, it is

an interesting question to be answered whether the AN interaction can be repre

sented by meson exchange models in a consistent way with the N N interaction

or we have to take into account the quark-gluon degree of freedom. Furthermore,

the AN interaction is the most fundamental subject in the study of hypernuclei

as the N N interaction in the study of ordinary nuclei.

Historically, the N N interaction has been studied by elastic scattering experi

ments. However, due to the short (263 ps) lifetime of a A particle, AN scattering

experiments are extremely difficult. So far, only a few thousand scattering events

have been observed and no data for polarization observables are available. Thus

the structures of A hypernuclei give us almost unique opportunity to investigate

the AN interactions, especially spin dependent ones.

In this situation, it has been long recognized that the energy spectra of A

hypernuclei can provide direct information on the free AN interactions. This is

because the AN interaction is weaker than the N N interaction so that compli

cating many-body effects are small. This weakness of AN interaction comes from

the fact that one-pion exchange is forbidden due to isospin conservation. Further

more, the fact that the A particle in a A hypernucleus is free from Pauli blocking,
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at least in the baryon level, makes ambiguities of the hypernuclear sturucture

small.

The AN (effective) interaction includes spin-independent central force, spin

spin force, spin-orbit forces and tensor force, and is usually expressed as;

where land i are the AN relative orbital angular momentum and position,

respectively, and U x denotes the spin of a particle x. Among those interactions,

the strength of the spin-independent central force [v.,(r)] is relatively well known

from the binding energies of A hypernuclei over a wide range of mass number.

Binding energies of A hypernuclei can be well reproduced by a simple Woods

Saxon type single particle potential of which depth is 30 MeV [1]. On the other

hand, the spin-dependent terms are hardly known.

Spin-dependent interactions can be studied from the structure of hypernuclei

in the following way. Suppose there is a normal nucleus with spin j(# 0), and a

A particle is added to it in the Os state. Since a A has spin 1/2, the state splits

into two states of which spins are j + 1/2 and j - 1/2 (See Figure 1.1). The

spatial wave functions of the two states are the same given the AN interaction

is weak enough. Therefore, the energy splitting of the two states is determined

only by the AN spin-dependent interactions. In I-ray spectroscopy, the energy

splitting can be obtained by measuring the energies of either the 11 or 12 and 13

in the figure.

For p-shell hypernuclei, the integral of the spin-dependent terms over the shell

model wavefunctions are often expressed as fl., SA, SN and T, according to Ref.

[2, 31. fl. is defined as

where <PAN(i'') is the AN relative spatial wavefunction for PNSA state. Similarily,

the others are defined from VA(r), VN(r) and VT(r). They can be treated as

parameters which are to be determined phenomenologically by fitting the data

of p-shell hypernuclear level energies. It is noted that those parameters can be

taken to be constant throughout the p-shell hypern uclei in a good approximaion

[3J. Table 1.1 shows the values of those parameters in various theories.

1.1. PHYSICS OF HYPERNUCLEAR I-RAY SPECTROSCOPY

13 12

tt j+l/2jt 11 tU- 1/ 2
AZ A+lz

Figure 1.1: Level splitting of hypernuc1ei caused by spin-dependent interactions

and I-rays.

Table 1.1: Theoretical values ofPNSA interaction parameters. All the values are

written in the unit of MeV. The first two parameter sets are taken from phe

nomenological study of Millener et al. [3} and Fetisov et al. [4}. The other

parameter sets are calculated from meson exchange potential models of the Ni

jmegen group (ND, NF, NSC89 and NSC97f) and the Jiilich group (JA and JE)

by Millener [5].

fl. SA SN T

Millener [31 0.50 -0.04 -0.08 0.04

Fetisov [4] 0.30 -0.02 -0.10 0.02

ND [6] -0.048 -0.131 -0.264 0.018

NF [7] 0.072 -0.175 -0.266 0.033

NSC89 [8] 1.590 -0.173 -0.292 0.036

NSC97f [9] 0.754 -0.140 -0.257 0.054

JA [10] -0.478 -0.124

JB [10] -1.596 -0.129
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1.1.1 Spin-spin interaction

As we can see from Table 1.1, the spin-spin force varies largely model by model.

Even the sign of the 6 parameter cannot be determined from those potential

models. This is mainly because the available AN scattering cross section data

contain information only on the sum of the S-wave interactions, but not on the

indivisual'So and 3S1 channels. Thus hypernuclear data can provide unique in

formation about the spin-spin force and give stringent constraint to the potential

models.

Experimentally, the observation of spin-flip M1 transitions between the ground

state doublets (1 + -7 0+) ofAR and ARe [11, 12] gave information of the spin-spin

interaction. Millener et al. [3] estimated the strength of the spin-spin force by

the measured energy splittings of about 1.1 MeV and obtained 6 ~ 0.5 MeV.

The binding energies of the ground states of ~ Li and ~ Be gave a similar value of

6 ~ 0.50 ± 0.11 MeV in his analysis, assuming the charge independence of the

AN interaction.

This estimation, however, could not settle the value of the 6 parameter,

because it failed to reproduce a null result of the ~oB experiment by Chrien et

aL. [131. Millener predicted 170 keV for the splitting of the ground state doublet

(1-,2-, the 1- state was the ground state in his calculation), but the spin-flip

M1(2- -7 1-) transition was not observed in the experiment between 100 keV

and 900 keV. This suggests that the splitting is smaller than 100 keV or the 2

state is the ground state. Fetisov et aL. [4] proposed another value of 6 = 0.3

MeV to explain the result.

Furthermore, Gibson et aI. [141 pointed out that AN-EN coupling effect

can affect the splitting of the ground state dou blet of four body hypernuclei.

According to their estimation, such effect can explain the observed splitting even

if we take the spin-spin force is zero. They concluded that the measured energy

spilitting in the four body hypernuclei "is not a measure of the AN spin-spin

interaction". Thus we need more data to determine the strength of the spin-spin

interaction, especially, on hypernuclear states for which the AN-EN coupling

effect is expected to be small.

1.1.2 Spin-orbit interactions

From the past experiments it is known that the spin-orbit force which couples to

the spin of A (VA(r), SA) is small compared to the nucleon case. For example,

1.2. MERIT OF I'-RAY SPECTROSCOPY

the experiment on ~Be by May et aL. [15J suggests a very small value including

zero for SA (I SA I < 0.04 MeV [3]). On the other hand, re-analysis of emulsion

experiments on ~60 [16] and recent experiments of ~9y [17, 18] might give larger

spin-orbit interactions, as large as 1/5 ~ 1/3 of the nucleon case for the A single

particle potential (corresponding to an SA value of -0.2 ~ -0.3 MeV).

Most of the meson exchange models predict relatively large values, as shown

in Table 1.1, which are almost consistent with the results of the latter two ex

periments. On the other hand, it is pointed out that since spin-orbit force has

short-range nature, quark-gluon degree of freedom should be explicitly taken into

account. In calculations based on this notion, VA(r) is much weaker [19, 20, 21),

being consistent with the ~Be experiment.

As for the other spin-orbit force (VN(r), SN), we cannot extract strength

information from the energy splitting of hypernuclear doublets since it does not

couple to the spin of A. Still, it can be obtained by measuring the change of level

energies of core nuclei. Recent experimetal results on core excitation states of

several hypernuclei such as ~3C [22] suggests a relatively large value of SN ~ -0.5

MeV [26] in comparison to SA.

1.1.3 Tensor interaction

As for the tensor interaction, there are no experimental data at all which give

direct information. aively, the tensor force is thought to be small because the

one pion exchange, which is the main source of the N N tensor force, is forbidden.

1.2 Merit of ,-ray spectroscopy

The largest merit of I'-ray spectroscopy is its excellent energy resolution. In hy

pernuclear experiments, the best energy resolution so far achieved with magnetic

spectrometers was about 2 MeV (FWRM) with SKS spectrometer [23]. On the

other hand, by I'-ray spectroscopy, an energy resolution of ~ 100 keV can be

easily achieved with NaI counters, and with germanium detectors, it can be im

proved down to 2 keV, which is by three orders of magnitude better than that of

a magnetic spectrometers. Since the energy splitting due to AN spin dependent

forces are expected to be less than 1 MeV in most cases, and often less than

100 keV, this excellent resolution is essential for studies of hypernuclei and AN

interaction.
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Figure 1.2: ')'-ray spectrum of XLi measured in the (K-,,,.-) reaction at BNL

using NaI counters {15}. When the bound state region is gated {(a)}, tl,ey observed

a peak at 2.03 MeV which is attributed to the E2 transitioll of 5/2+ ---+ 1/2+

However, they could not measure the rate of the transition, 1101' observe the

Ml(3/2+ ---+ 1/2+) traIlSitio11.

Another merit is that using ')'-ray spectroscopy, we can also study those states

which cannot be directly populated. For example, suppose the case that the

j +1/2 state in Figure 1.1 can not be populated via direct reactions. It is usually

the case for experiments with the (".+,K+) and (K-,,,.-) reactions because of

their spin non-flip nature of A production (see Appendix A). Still, the state

can be studied by ')'-ray spectroscopy, because ')'-ray cascade process from upper

states (,2 in the figure, for example) can also populate the state.

1.3 Past ,-ray spectroscopy experiments of hy

pernuclei

In spite of the merits of ')'-ray spectroscopy explained above, there have been

few experiments of the ,-ray spectroscopy of hypernuclei. Only five ,-transitions

have been identified and established so far, all of which were observed using NaI

counters.

At CERN, ,-rays from ~H and ~He were observed in coincidence with their

weak decays [11,12]. They are spin-flip Ml transitions between the ground state

doublets (1+ 0+), and the energies of the ,-rays (~1.1 MeV) provide unique

data for the AN spin-spin interaction.

,-rays from XLi and ~Be were observed by May et al. [15J at BNL. They

created these hypernuclei by the (I(-,,,.-) reaction and measured ')'-rays in coin

cidence. Figure 1.2 shows the ,-ray spectra for the XLi case. The 2.034 ± 0.023

MeV ,-ray was assigned to the E2(5/2+ ---+ 1/2+) transition, which is essentially

the same as the 6Li core transition, 3+ ---+ 1+. As for ~Be, they observed only

one ,-ray peak at 3.079 ± 0.040 MeV, while two transitions (5/2+ ---+ 1/2+ and

3/2+ ---+ 1/2+) are expected. Their conclusion was that the energies of those

transitions are too close « 100 keV in 95% confidence level) to see separated

peaks.

Another experiment at BNL succeeded in observing a ')'-ray from ~3C [24].

The experimental method was the same as the last experiment, and the 11 MeV

,-ray emitted by the E1 transition 1/2-(Ap 'I' 181 '2 Cg ,.) ---+ 1/2+(A"I' 181 '2 Cg.,)

was observed.

There has been only one experiment which tried to measure hypernuclear

,-rays with germanium detectors [13]. They did not observe the ,-ray of the

spin-flip}\fJ transition between the ground state doublet (2-,1-) of ~oB.

~
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CHAPTER 1. INTRODUCTION

The scarceness of the hypernuclear -y-ray spectroscopy experiments with ger

manium detectors is due to difficulties in operating germanium detectors in con

ditions of hypernuclear experiments. See Section 2.3.1 for details about the dif

ficulties.

1.4 Experimental goals

Our purpose is to determine the strength of all the AN spin dependent inter

actions by high-resolution -y-ray spectroscopy of hypernuclei using germanium

detectors. We have constructed a germanium detector system named "Hyperbal

I" for this purpose. Details about the Hyperball are described in Section 2.3.1.

As the first experiment using the Hyperball, we have selected lLi, since it is

the best hypernucleus to study the AN spin-spin interaction. Furthermore, we

can study the effect that a A particle makes the size of a hypernucleus smaller

than its core nucleus ("glue-like role" of a A particle) in lLi. I will describe those

two purposes in the follwoing subsections.

1.4.1 AN spin-spin interaction

In order to study the AN spin-spin interaction from hypernuclear structure, it

is better to select proper hypernuclei in which the effects of other interactions

are small. In p-shell hypernuclei except for lLi, the spin-orbit interaction WA(T),
SA] usually has considerable effect since the valence nucleons have t = 1 (see

below for the case of lLi). All the s-shell hypernuclei but A = 4 ones have only

one or no bound state, so the spin-spin interaction cannot be studied in those

hypernuclei. Therefore, lLi is the best hypernuclei to study the AN spin-spin

interaction considering that the data of A = 4 hypernuclei are not enough to

establish its strength.

Figure 1.3 shows the expected level scheme and -y transitions of lLi. Since

the ground state (1+) of core 6Li nucleus has almost pure 3 SI configuration in

which the orbital angular momentum of valence proton and neutron cancels each

other, the energy spacing of the ground state doublet (3/2+,1/2+) is determined

only by the AN spin-spin interaction. Thus we can extract the information of the

spin-spin interaction by observing the -y-ray emitted by the spin-flip M1(3/2+ --7

1/2+) transition through its energy. This transition was not observed in the old

experiment with NaI counters due to the limited energy resolution.

1.4. EXPERIMENTAL GOALS

3.56 O::....+....l..(T"--=--.!L 1/2+(T = 1) 3.96 3.64

3+
7/2+ 2.68 2.29

2.19

~ 5/2+ 2.03 2.24 2.07

I:1+
3/2+ 0.61 0.44

0 < M1 1/2+(MeV) 6Li o (MeV)

~Li (a) (b) (c)

Figure 1.3: Expected level scheme oflLi with theoretically calculated or experi

mentally measured excdation energies. (aJ: Experiment by May et al. [15J. (b):

Calculation by Millener et al. [3J. (cJ: Calculation by Fetisov et al. [4J.

In the simplest model of the LS coupling limit, the energy spilitting can be

expressed only by the b. parameter as;

(1.1)

More precise calculation of Millener et at. [31, based on shell-model with Cohen

Kurath [251 effective interactions for the core 6Li nucleus gives

E(3/2+) - E(1/2+) = 1.35b. + 0.15SA - 0.06SN - 1.30T. (1.2)

Recently, Millener [261 updated the calculation with another effective interaction

for the 6Li core which reproduces the structure of the 6Li nucleus better than

Cohen-Kurath interactions. It gives

E(3/2+) - E(1/2+) = l.444b. + 0.054SA+ 0.016SN - 0.271T (1.3)

for the energy splitting.

As for the AN-EN coupling effect, Akaishi [27] calculated the effect for various

s-shell and p-shell hypernuclei and pointed out that the effect is small and thus
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to the fourth order of the nuclear size, the size of the ~ Li can be represented as;

Figure 1.4: "Glue-like role" of a A particle and shrinkage of~Li.

~Li

(1.5)

(1.4)
R(~Li) = (9B(E2; ~Li 5/2+ -71/2+))1 /'
R(6Li) 7 B(E2;6Li3+-71+) ,

where R denotes the mean distance between the o:(~He) cluster and the center

of the valence proton and neutron in 6Li and ~Li [30J. The factor 9/7 comes

from the fact that the B(E2) of the core transition is distributed to the two E2

transitions in ~Li as B(E2; ~Li 5/2+ -71/2+): B(E2; ~Li 5/2+ -7 3/2+) = 7: 2

in the weak coupling limit.

As B(E2; 6Li 3+ -7 1+) is known [31] to be 10.9 ± 0.9 e2fm" we can ex

tract the hypernuclear size information from B(E2; ~Li 5/2+ -7 1/2+). What

we can measure directly is the lifetime of the 5/2+ state [r(5/2+)], from which

B(E2; ~Li 5/2+ -7 1/2+) can be derived by:

. / + / +) _ BR(5/2+ -7 1/2+) 75/i (~)s
B(E2,5 2 -71 2 - r(5/2+) 471" E '

~>

o

the strength of the spin-spin force can be obtained by measuring the energy

splitting in ~Li.

where BR(5/2+ -7 1/2+) is the branching ratio of the E2(5/2+ -7 1/2+) tran

sition and E is the energy of the transition. In the present experiment, r(5/2+)

was measured by using the Doppler shift attenuation method (see Section 5.3.2).

1.4.2 Verification of the "glue-like role" of A

"Glue-like role" of a A particle is first pointed out by Motoba et at. [28] in

cases of hypernuclei which have loosely bound core, such as ~Li. Since a A

particle in a nucleus is not affected by Pauli blocking, the A can locate at the

center of the nucleus. Then the A attracts nucleons around it, thus makes the

hypernucleus shrink (see Figure 1.4 for the case of ~Li). According to a cluster

model calculation by lliyama et at. [29], the size of ~Li is predicted to be smaller

than 6Li by 25%.

To verify this effect in ~Li, we used the reduced transition rate of the E2(5/2+

-71/2+) transition, which is basically the same as the E2(3+ -7 1+) transition

of the 6Li core nucleus. The energy of this transition was determined to be

2.034 ± 0.023 MeV in the old experiment with Nal counters, but the transition

rate was not measured.

Since the reduced transition rate of an E2 transition [B(E2)] is proportional
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Chapter 2

Experimental Setup

2.1 Overview of the experiment

The experiment was performed at the KEK-PS K6 beamline with the Supercon

ducting Kaon Spectrometer (SKS) [23] and the Hyperball. Figure 2.1 shows the

schematic view of the whole experimental setup.

We used the 7Li(,,-+,K+) reaction to produce ILi hypernuclei. Beam pions

and outgoing kaons were identified and momentum analyzed by the beamline

spectrometer and SKS, respectively. With those information obtained by spec

trometers, production of the bound states of I Li can be tagged. "'I-rays were

measured in coincidence with the (,,-+,]{+) reaction by the Hyperball installed

in the target region.

In the following sections, details of these experimental components are de

scribed. Trigger system and data acquisition system are also described in this

chapter.

2.2 Production and tagging of lLi

2.2.1 KEK-PS K6 beamline

The K6 beamline is located at the North Counter Hall of the KEK-PS. Protons

accelerated to 12 GeV by KEK-PS bombarded the production target made of 60

mm long platinum. Produced particles were transported through the magnets

from D1 to Q10 to the experimental target. Central momentum of the beam was

selected to be 1.05 GeV Ie, because the cross section of the elementary process,

12

INS·SKS

Figure 2.1: Schematic layout of the whole experimental setup.
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Table 2.1: Parameters of the beam line spectrometer.

Momentum resolution 0.1% (FWHM)

10mentum bite ±3%

Maxjmum central momentum 1.2 GeVIc
Bending angle 60°

n(1r+,1(+)A, is maxjmum at this momentum (see Ref. [32J or Appendix A).

The 1r+ beam intensity was kept to about 1.8 X 106 for a spill duration of ~0.7

second per a three second cycle because the expected yield of the ,-rays from I Li

including the dead time of germanium detectors and analysis efficiency was found

to be maxjmum at this intensity.

2.2.2 Beam line spectrometer

The beam line spectrometer consists of QQDQQ magnets, four sets of drift cham

bers (BDC 1-4) and trigger counters (GC, BH1 and BH2), as shown in Figure

2.2. Parameters of the beam line spectrometer are shown in Table 2.1.

Trigger counters

GC is a Freon gas Cherenkov counter to reject e+ contamination in the beam at

the trigger level. The refractive index of the Freon gas was 1.00245, and the e+

rejection efficiency was better than 99.9%.

BH1 and BH2 are plastic scintillation counters segmented into seven and four

parts, respectively, to avoid problems caused by high counting rate. Proton con

tamination in the beam was rejected by time-of-f1ight between BH1 and BH2 at

the trigger level. BH2 also served as a time zero counter of the whole experiment.

Drift chambers

The four sets of the BDC's have the same structure, as shown in Figure 2.3. Each

set consists of six planes (xx'uu'vv') of sense wires. Each plane has 48 sense wires

strctched every 5 mm. Sense wires in x and x' planes are stretched parallel to

the vertical axis, while they are tilted by +15 (-15) degree with respect to the

vertical axis viewed from the upstream in the u and u' (v and v') planes. Wires in

BH2 --....... () Target

O
~:~3C4

010

09~

105G.VI, ~

~'~~ ~ OOLT ,0._
\ BDC2 0 12m

BDC1 I I I

Figure 2.2: Schematic view of tlle beamline spectrometer. The Hyperball is not

drawn in this figure.

the x', u' and v' planes are displaced by 2.5 nun with regard to the corresponding

wires in the x, u, v planes in order to solve left-right ambiguities.

The cell structure of the chambers is shown in Figure 2.4. Potential wires

were placed 2.5 mm away from sense wires and separated the drift cells from

each others. We used gold-plated tungsten of 4>12 J.Lm for sense wires, and gold

plated cupper-beryllium of 4>75 J.Lm for potential wires.

Cathod planes were made of Kapton foils of 7.5 I'm truck coated with alu

minium. We applied -1350 V for the potential wires and -1300 V for the cathod

planes. The gas used in those chambers was a mixture of 76% argon, 20% isobu

tane and ~4% of methylal. The spatial resolution of the BDC's were about 300

I'm in r.m.s., and the detection efficiency of each plane was about 99%.

BDC1 and 2 were placed upstream of the spectrometer magnets (QQDQQ),

and BDC3 and 4 were placed downstream of the magnets. Momentum of each

beam pion was determined by the information from the BDC's in the way ex

plained in Section 3.4.
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SKS

17

I" -plane
v -pianc

cathode plane

/I'-plane

cathode plane

pre-al"",;..'-.-JL..,--r-~L--.J
5mlwisled

pair cable I~~l--------f-----'

Figure 2.3: A schematic figure of a BDC and tbe readout system.

------------- cathod plane

SDC1

Target

Figure 2.5: A schematic top view of SKS

2.2.3 Target

We used a target of 7Li enriched to 98%, which was put in a laminated bag

filled with argon gas. The dimensions of the target were 56 mm (width) x

40 mm (height) x 250 mm (thickness, corresponding to 13.4 gJcm2
). The target

was placed so that the position of the target center was the same as the center

of the Hyperball with an accuracy of 3 mm.

------------- cathod plane

Figure 2.4: A schematic cross section of a BDC.

o

21
21~

(mm)

o

o

o

o

o • x, u or v plane

o x" u' or v' plane

cathod plane

• sense wire

o potential wire

2.2.4 Superconducting Kaon Spectrometer (SKS)

Outgoing kaons were identified and momentum analyzed by the Superconducting

Kaon Spectrometer (SKS). Figure 2.5 shows the schematic view of SKS and Table

2.2 shows parameters of SKS. SKS consists of a large sector-type dipole magnet,

four sets of drift chambers (SDCl-4) and trigger counters.

SKS has a large solid angle of 100 msr, and has a short flight path of ~5

m in order to minimize the kaon decay in flight. These features allow us to

efficiently tag hypernuclear production events, which is important for a large ,

ray yield. Central momentum of SKS was set to 0.72 GeV Ie since this is a typical
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Table 2.2: Parameters of SKS

Momentum resolution

Maximum central momentum

Momentum bite

Bending angle

Magnetic field

Solid angle

Flight path

0.1% FWHM at 720 MeV/c

1.1 GeV Ic
±10%

1000 for the central trajectory

2.2 T for central momentum of 720 MeVIc
100 msr

~5 m for the central trajectory

Table 2.3: Characteristics of the SDC.

Name Size(cm2) Maximum drift planes number of sense

length (mm) wires in each plane

SDC1 24 X 15 2.5 uu'vvl 48

SDC2 40 X 15 2.5 xx'uu'vv' 80

SDC3 100 X 100 2.5 XX'YY' 24

SDC4 100 X 100 2.5 X X 6, Y X 6 24

momentum of kaons produced in the (7r+, J(+) reaction.

n-igger counters

Three kinds of trigger counters were used in SKS. First one is called TOF made of

15 segments (7 X 100 X 3 cm3 each) of plastic scintillators. TOF counter was used

to select kaons from pions and protons by the time-of-flight information between

BH2 and TOF in ofRine analysis (see Section 3.6).

Second one is called AC which consists of two sets (AC1 and AC2) of aerogel

Cherenkov counters. Silica aerogel used in AC's has a refractive index of 1.06,

which corresponds to threshold momenta of 0.4 GeVIc for pions and 1.8 GeV Ie
for kaons. Thus AC's were used as veto counters to reject pions at the trigger

level.

The last one is called LC which consists of 14 segments (10 X 140 X 4 cm3

each) of lucite Cherenkov counters. Lucite has a refractive index of 1.49, and is

sensitive to pions (threshold momentum is 0.13 GeV Ic) and kaons (threshold =

0.45 GeV Ic), but not sensitive to protons (threshold = 0.85 GeV Ie). Therefore

we can select kaons from protons by requiring a hit in LC at the trigger level.

Drift chambers

Characteristics of the SDC's are shown in Table 2.3. The first two sets of SDC

(SDC1 and 2) have basically the same structure as BDC's and were placed just

downstream of the target. Differences are that SDCl has only 4 planes (uu'vv'),

and that SDC2 has 80 sense wires per a plane instead of 48.

SDC3 and 4 were placed at the exit side of the SKS magnet. SDC3 has 4

planes (XX'YY'), and each plane has 24 sense wires every 42 mm (maximum

drift length is 21 mm). Wires in X' and Y' plane were displaced by half cell (21

mm) with regard to corresponding wires in X and Y plane in order to solve the

left-right ambiguity.

SDC4 is divided into two chambers, namely SDC4X and SDC4Y. Each of the

SDC4 chamber has 6 sense wires per a drift cell. See Figure 2.6 for the structure

of drift cells. The maximum drift length of SDC4X and SDC4Y is 21 mm. In

order to solve left-right ambiguities, each sense wires were displaced by ±200 /lm

from the center.

In SDC3 and 4, we have used gold-plated tungsten of ,p20 /lm for sense wires,

and gold-plated aluminium of ,p80 /lm for field and shield wires. The gas used

for SDC3,4 was a mixture of argon (50%) and ethane (50%).

2.3 Hyperball

Hyperball is a germanium detector system newly constructed for hypernuclear

"{-ray spectroscopy experiments. Figure 2.7 shows the schematic view of the

Hyperball. In this section, I will describe the components of the Hyperball,

namely, germanium detectors, BGO counters and readout electronics.

2.3.1 Germanium detectors

Fourteen coaxial-type germanium detectors are used ill the Hyperball. Four are

the products of Eurisys Measures company and ten are the products of ORTEC.

The dimensions of a germanium detector are shown in Figure 2.8. Each germani-
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Figure 2.6: Drift cell structure of SDC4. Figure 2.7: Schematic view of the Hyperball.
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shaping amplifier
(positive pulse)

preamplifier
(negative pulse)

Figure 2.8: Dimensions of a coaxial type germanium detector of Eurisys Measures

used in ti,e Hyperball. Germanium detectors of ORTEC have slightly different

dimensions.

urn detector has a high-purity, n-type crystal of which effective volume is about

250 cm3 (about 70 mm</> X 70 mm), and has a relative efficiency of 60%1. The

entrance window of the germanium detectors is made of 0.5 mm thick beryllium

for ORTEC germanium detectors and 1 mm thick aluminium for Eurisys ger

manium detectors. We used additional aluminium plates of 3 mm (for ORTEC

germanium detectors) and 2 mm (for Eurisys germanium detectors) to reduce

the I-ray background from low-energy charged particles such as protons.

Germanium detectors used in the Hyperball are equ;pped with special elec

tronics in order to minimize a problem occurs in conditions of hypernuclear exper

iments. The problem and our solution are described in the following paragraphs.

Difficulties of using germanium detectors in hypel-nuclear experiments

As described in Section 1.3, there was only one experiment which used germa

nium detectors for hypernuclear study. Th;s is mainly becase it is very difficult

to operate germanium detectors in conditions of hypernuclear experiments, as

descri bed below.

We usually use meson beams such as.".+ or 1(- to create hypernuclei. Though

I Normalization st.andard is an NaI counter of 3"<jJx3".

Figure 2.9: Signals from a germanium detector with resistive-feedback type

preamplifier operated in .".+ beam at KEK-PS K6 beamline. When the out

put of the preamplifier is saturated, baseline of the following shaping amplifier

shifts.

a typical rate of meson beams is a few million particles per second at most, which

is qwte low compared to primary beam experiments, the quality of the beam is

a problem.

When a high-energy charged particle passes through a germanium detector,

the energy deposit is an order of 50 MeV even if the particle is a minimum

ionizing particle. This is extremely large compared to the energies of the I-rays

to be measured, and such large pulses often cause overload of preamplifiers. If

the preamplifiers are resistive feedback type ones that release collected charges

through resistors, this results in a large baseline shift due to mismatch of pole

zero cancellation in main amplifiers, as shown in Figure 2.9. The deadtime caused

by the baseline shift is typically several hundred m;croseconds. In the case of the

present experiment, the penetrations of charged particles happen at a rate of

about 10· times per second. Therefore, usual germanium detectors with resistive

feed-back type preamplifiers are useless in hypern uclear experiments.
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Solution in Hyperball

In hyper ball, this difficulty was solved by using transistor-reset type preamplifiers

instead of resistive feed-back type ones. Characteristic of the transistor-reset

type preamplifiers is that they "reset" their output to the baseline level when

an overload of the output signal is detected. In Figure 2.10, conceptual output

of a preamplifier of such type is shown. When a signal comes, output of the

preamplifier rises, and keeps that level until another signal comes. When a signal

make the output higher than a threshold level, the preamplifier resets the output

to the baseline by discharge, before it is saturated. Reset procudure takes only a

few microseconds in the case of our germanium detectors, and the total deadtime

including that of following main amplifier can be very short as ~ 20 p.s per reset.

In the present experiment, a typical deadtime due to reset was as small as ~ 20%,

for a typical reset rate of ~ 1 x 104 per second.

Figure 2.11: Block diagram for triggering and data acquisition of the monitoring

system.

Online monitoring system and in-beam performances

of germanium detectors

2.3.2
........................ baseline

/reset

time

.................................. threshould
voltage

I

Figure 2.10: Conceptual illustration of output signal of a reset-type preamplifier.

The preamplifiers are commercially available, but the gain of our preamplifiers

were lowered by a factor of three in order to reduce the reset rate. The threshold

level for reset was 10 V, which corresponds to 150 MeV signal in the case of our

preamplifiers.

Another important electronics to reduce the in-beam deadtime is a shaping

amplifier of gated integration type. We used ORTEC 973U (Ultra-Highrate Amp.,

URA), of which deadtime due to pileup is small (6 p.s per a signal). It is noted

that the energy resolution obtained with an URA is worse only by ~ 20% than

the best resolution achievable with the germanium detector.

The in-beam performances of the germanium detectors were monitored by the

online monitoring system. We used a simple, CAMAC-based DAQ system which

is independent of the main DAQ system for the monitoring system.

Figure 2.11 shows the block diagram for the online monitoring system. A

weak (~ 1 kBq) source of GOCo was placed near each of the germanium detectors

(see Figure 2.14). GOCo sources were embedded in plastic scintillators, which

detect {3-rays from GOCo decay. By taking the coincidence between the germallium

detectors and the GOCo sources, GOCo -y-rays were selected.

The ADC data were taken for the same duration (~ 0.5 s per a 3 second

cycle) in the beam-on period and in the beam-off period. Figure 2.12 shows the

-y-ray spectra around the 1.33 MeV peak for a typical germanium detector. We

can see the effect of high counting rate by comparing those two spectra as;
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detector in downstream positions was 55%, while that in upstream positions was

40%.

2.3.3 BGO counters

Figure 2.13: Dimension ofa BGO crystal. Six crystals are used for one germanium

detector.

4000

2000

Qj
c:
~

-V
';;;-

2000 (b): beam on
r:::
::J
g

1000

ADC channel (1 ch~ 1.2 keY)

Figure 2.12: "I-ray energy spectra around the 1.33 60 Co peak for a typical germa

nium detector. The effect of in-beam high counting-rate can be seen.

• The peak position in the beam on spectrum shifts by -1 ~ -2 keY from

that in the beam off spectrum.

• The peak width is broadened slightly with beam on. The energy resolution

for a typical germanium detector was 3.0 keY FWHM with beam off, and

3.5 keY FWHM with beam on.

• In-beam deadtime was obtained by comparing the yields with beam on and

off. In-beam deadtime averaged over the fourteen germanium detectors and

whole beamtime was 46.2 ± 0.5%

A typical couting rate of a germanium detector was about 4 X 104 counts per

second for a typical beam intensity of 1.8 X 106 pions per spill on the experimental

target. Position dependence of the counting rate due to pion scatterings at the

target was observed. Because of this effect, a typical dead time of a germanium

We used bismuth germanate (Bi4Ge3012, BGO) scintilation counters to suppress

"I-ray background in germanium detectors from Compton scattering and high

energy "I-rays from 1I"°'s. BGO was chosen for this purpose because of a good

suppression efficiency for "I-rays. Dimensions of a BGO crystal are shown in

Figure 2.13. Thickness of the BGO counters was chosen to be 19 mm from the

available space in the hyperball and the budget constraint.

Six pieces ofBGO counters were used for each germanium detector. Schematic

drawings of a set of six BGO and one germanium detector are shown in Figure

2.14. The six BGO crystals of a set were placed in the same housing, partitioned

by teflon sheets. One 1~ inch PMT (HAMAMATS R1355) was used to extract

signals from each BGO crystal. The inner wall of the housing was made of 1 mm

thick aluminium to avoid absorbtions of scattered "I-rays in the wall. The outer

wall of the housing was made of iron which is used as a magnetic shield as well

as a support.

Energy resolution of BGO counters was typically 25% (FWHM) for 662 keY

"I-rays of 137CS, and a typical timing resolution was 4 ns (FWHM) for a "I-ray

energy of around 1 MeV. In order to make the suppression efficiency higher,

the threshold of the discriminators for the BGO counters were determined so

that single photon events can be discriminated (typically V,h = 25 mV for single
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Figure 2.14: A set of germanium detector with six BGO counters and a 60Co

source (embedded in plastic scintillator). (aJ: Cross-section. (b): View from

below.

PMTsupport

pressurized
2 gas

1000l
LN2

Dewer

Figure 2.15: Schematic diagram of the LN2 auto-supplier system.

2.3.4 Liquid nitrogen auto-supplier system

The germanium detectors were fed with liquid nitrogen (LN 2 ) by an auto-supplier

system once per day. Figure 2.15 shows a schematic diagram of the system. There

were three manifolds in the system, each of them can supply up to six germanium

detectors with L 2. Those three manifolds can be controlled independently by

the programmable controller or manual operation.

The auto-filling procedure can be initiated either by the preset timer or by

pushing the start button manually at the control panel. This opens the V, and

Vp valves which are common to all the three manifolds and the Vo valve of the

manifold. The 1000 liter L 2 Dewer is pressurized by nitrogen gas comes via

the Vp valve and L 2 flows through the V, valve to the manifold. When the

temperature of the manifold measured by the To thermometer reaches the L 2

temperature (77 K), Vo automatically closes and the valves to the germanium

detectors (V j to V6) open. When the Dewer of a germanium detector is full and

LN2 pours out of it, the thermometer (T I to T6) detects it and the controller

closes the corresponding valve. If all the Dewers are full, the controller finishes

photon signal of 50 mV). A typical counting rate of a BGO counter was 50 kHz

in beam with this threshold level.

I Scm i

BGOcrystals

o
(b)

Iron flange

f Scm j

(a)



Figure 2.16: Beam halo rate as a [unction o[ the distance [rom the beam at the

target point measured by a plastic scintilation counter.

the whole process by closing the V, and Vp valves. For safety, the remaining LN2

in the manifold is exhausted via the Vo valve for five minuites after the end of

procedure.

CHAPTER 2. EXPERIMENTAL SETUP

was 15 em. As a result, the arrangement of the germanium detectors was in a

barrel like shape instead of a ball like shape which is usually used for normal

nuclear ,-ray spectroscopy experiments. This shape also matches with the very

thick (25 em) Li target for a large solid angle. The total solid angle of the

germanium detectors was 15% for a point ,-ray source with this arrangement.

Figure 2.17 shows a schematic view of the supporting stand. The supporting

stand consists of two parts: the upper part and the lower part. The upper part

is an aluminium cylinder, of which dimensions are 660 mm</> times 510 mm long.

Figure 2.18 shows the schematic view of the upper part of the supporting stand.

As shown in the figure, there are eighteen slots where germanium detectors can

be attached, six in upstream, six in middle and six in downstream side.

Figure 2.19 shows how a set of germanium detector and six BGO counters

was attached to the supporting frame. A germanium detector was fixed by being

sandwiched between two aluminium disks, and the disks and BGO counters were

connected to the flange by six screw bars used as bolts and nuts. The distance

between a germanium detector and the beam was 15 cm, which can be adjusted by

moving the screw bars. It is noted that germanium detectors and BGO counters

can be attached to the stand without the others, and can be moved independently.

The BGO counters were placed so that their surface was by 2 em nearer to the

beam than that of germanium detectors.

Since we had only fourteen germanium detectors, four slots must be empty.

We chose to leave fouf of the downstream slots to be empty, since germanium

detectors in downstream slots suffer from higher counting rate due to reactions

at the target.
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2.3.5 Arrangement of germanium detectors 2.3.6 Readout electronics

Considering the in-beam deadtime and possible radiation damage, it is better to

place germanium detectors so as to make the rate of beam halo particle penetra

tion as small as possible. To determine the positions of the germanium detectors,

we studied the beam halo rate by using a plastic scintilator which has the same

cross section as the germanium detectors viewed from the beam. Figure 2.16

shows the counting rate of the scintilation counter as a function of the distance

from the beam at the target point.

In order t.o keep a large solid angle with a moderate particle penetration rate,

we placed (he germanium detectors so that the distance from the beam line center

Figure 2.20 is the block diagram of the electronics for germanium detectors.

Output of the preamplifiers embedded in the germanium detectors went to main

amplifiers (URA). The outputs of the URA were sent to an ADC of the main

DAQ system (ORTEC AD413a) and that of the monitoring system.

Timing signals were also taken from the UHA with the CRM (count rate

meter) output. Timing filtering amplifiers (TFA) were not used because they

didn't work well. A pipelined multihit TDC (LeCroy 3377) was used to take

timing data. This TDC was also used for pileup rejection utilizing the multihit

feature. Reset timing of the preamplifiers was also recorded by the TDC to reject
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Figure 2.17: View of the whole stand with germanium detectors from upstream

of the beam.

Figure 2.18: Schematic view of the upper part of the supporting stand.
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Figure 2.20: Block diagram or readout electronics or germanium detectors.

2.4 Trigger and Data Acquisition System

events occurred just after the reset of preamplifiers.

Those electronics other than preamplifiers of germanium detectors were placed

in a temperature-controlled hut to avoid gain drift of HA and ADC .

Signals of BGO counters were read out by charge-sensitive ADC's and TDC's

in the same way as other counters.

to DAQ systemto monitoring
system

~supporting stand
Aluminium

screw bars
disks

flanle / \
BGO crystals .1.

\ ........ 1

I

Ge
I I LN2 Dewar

, I- • I

PMTs

~

For triggering, first we made BEAM trigger for 7[+ beam as;

Figure 2.19: schematic view or the connection between the stand and a set or a

germanium deteclor and BGO counters.

BEAM = GC . BHl . BH2.

As mentioned in Section 2.2.2, positron contamination in the beam was rejected

by GC veto, and proton contamination was rejected by the coincidence timing

of BHl and BH2 at this level. Contamination of f(+ in the beam was small and

can be removed in the offline analysis (see Section 3.2).

Outgoing kaons were selected by the KOUT trigger as;

KOUT = TOF· LC· ACl· AC2,
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2.5 Data summary

Table 2.4: Total number of pions irradiated on each of the target.

The total beam time we used for the experiment was about 700 hours, most

of which were executed in June 199 We irradiated about 1.0 x 1012 pions on

the lithium target. We also took reference data without target and with carbon

targets. umber of pions irradiated on those targets are tabulated in Table 2.4.

number of pions

1.0 x 1012

1.4 X 1010

1.3 X 10 10

1.3 X 10 10

thickness (g/cm 2 )

13.4

5.2

13.7

C

C
empty

Target

7Li
LeCroy 1190

MP5

event
by

event

Figure 2.21: Schematic diagram of the data acquisition system.

where LC was used to reject protons, and AC's were used to reject pions, as

explained in Section 2.2.4.

Thus, the main trigger for the (,,+,1(+) reaction (PIK) was determined by;

PIK = BEAM· KOUT.

Typical trigger rate was 300/spill, most of which were protons contaminating in

the outgoing kaons2 . We did not use germanium detectors nor BGO counters in

the trigger so that inclusive 7Li(,,+, [\+) reaction spectrum can be taken.

A schematic diagram of the data acquisition system is shown in Figure 2.21.

All the ADC and TDC data except for those of germanium detectors were col

lected via six TKO crates to the corresponding MP (Memory Partner) module

in the VME crate. ADC and TDC data of germanium detectors were collected

via FERA bus to the VME memory module (LeCroy 1190). The host computer

(HP743rt) in the VME crate read the data out from the memory modules once

per spill during the beam-off period.

The data were processed by the host computer and were written on 8mm

tapes. Most of them were also sent to neibouring computers for online analysis.

We have used a Linux PC and a HP workstation for that purpose.

2LC has slIlall, but not negligible efficiency for prolons due 1.0 o-rays.
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Chapter 3

Analysis I - the (7r+, K+) reaction

The analysis procedures can be divided into two parts, namely, the analysis of

the (7r+,1(+) reaction and the analysis of ,-rays. In this Chapter, I will describe

about the analysis of the (7r+, J(+) reaction and the selection of the bound states

of XLi. In the next Chapter, I will describe about the analysis of ,-rays.

3.1 Overview of the analysis of the (7f+,K+) re

action

Analysis of the (7r+, J(+) reaction was done in the following procedure.

1. Selection of real 7r+ beam events.

Accidental coincidence of BHl and BH2 in the beam trigger was removed.

Small kaon contamination in the beam was also removed at this level.

2. Rough selection of outgoing K+.

By checking the data of TOF and LC, most of the proton contamination

in the outgoing particles was rejected.

3. Determination of 7r+ momentum.

The BDC data were analyzed to reconstruct the pion momentum and tra

jectory.

4. Determination of momentum of outgoing p<lrticle

Momentllll1 and t rajeclory of the outgoing particles were determined by the

SOC data.

38

5. Selection of outgoing 1\+.

Velocity of an outgoing particle was determined by TOF data and the flight

path length of the particle. Mass of the outgoing particle was determined

by momentum and velocity, and real J(+ events were selected.

6. Reconstruction of reaction angle and vertex point

Reaction angle and vertex point were calculated by the tracking data.

7. Reconstruction of missing mass

From the obtained momemta of pion and kaon, missing mass for XLi was

reconstructed. Bound state production onLi can be selected by the missing

mass cut.

Those procedures are explained in detail in the following sections.

3.2 Selection of real 7f+ beam events

Figure 3.1 shows the time-of-f1ight spectrum between BHl and BH2. In order to

remove accidental coincidence background and kaon contamination in the beam,

we applied a cut to the spectrum as shown in the figure.

3.3 Rough selection of outgoing K

Although kaons can be almost perfectly identified after the tracking procedure

as explained in Section 3.6, the tracking analysis of SDC data requires much

CPU time. Rough selection is useful to reduce CP time by rejecting proton

contamination.

We used TDC of TOF and LC for the rough selection. Figure 3.2 shows

scatter plots of TOF-TDC versus LC-TDC. before and after the kaon selection

described in Section 3.6. We applied a cut so as not to lose real f{+ events as

shown in the figure.

3.4 Determination of 7f+ momentum

Momentum and trajectory of the beam pion were determined in the following

way;
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Figure 3.1: Time-of-flight between BHl and BH2. Events in the region enclosed

by the solid lines were accepted as good pion events.

Figure 3.2: Scatter plot of TOF-TDC versus LC-TDC before and after kaon

selection described in 3.6. Cut condition for rough kaon selection is shown by the

solid lines in the figure.
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1. At the entrance of the beam line spectrometer magnets, local tracks were

searched for by linear fitting of the hit positions in BDCl and 2. A param

eter set of two independent positions and two independent angles, Xin , was

determined for each local track.

2. At the exit of the magnets, local tracks were also searched for using the

data of BDC3 and 4.

3. Xont was calculated by

where M is a third order transfer matrix calculated by Orbit [33] and pis

a free parameter which represents pion momentum.

4. For each combination of the local tracks at the entrance and exit, Xk6 was

caluculated by;

where

24

n=I:,Hi
i=l

{
1 if ith plane has a hit in the local track.

Hi = 0 if ith plane has no hit in the local track.

Pi: hit position in the ith plane.

Wi: spatial resolution of the ith plane.

We took Wi = 0.3 mm independent of i.

f;(~in) } Expected hit positio~ for the_ith plane,

g;('Xontl calculated by X in and Xont -
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800

(f)

C 600
::J
o
U
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200
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l
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5. The best track combination and pion momentum were determined so as to

give the smallest Xk6'

Figures 3.3 and 3.4 show the distribution of minimum Xk6 and pion momen

tum thus obtained for a typical run, respectively.

Figure 3.3: Minimum Xk6 distribution [or a typical run.
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3.5 Determination of momentum of outgoing

particle

Momentum and trajectory of the outgoing particle were determined from SDC

data in the following way.
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Figure 3.4: Momentum distribution of the beam pion.

1. For a set of five free parameters, - a momentum, two independent positions

and two independent angles at the target - the trajectory of the scattered

particle was determined by solving the equation of motion numerically by

the Runge-Kutta method using a measured magnetic field map.

2. Those five parameters were determined so that the chi-square of the tracking

was minimized. The tracking chi-square, X§KS was defined by

1 n ( ~,",k;ng _ data) 2
X§KS = --5 L X, Xi ,

n- i=l Wi

where n is the number of planes having hits, x:,·ckin
g and x1"· are hit

positions on the ith hit plane in the tracking and data, respectively, and Wi

is the spatial resolution of the ith hit plane and was taken to be 0.3 mm

independent of i.

Figure 3.5 shows the X2 distribution, which has a long tail due to decay-in-flight

events of kaons. We accept events of X§KS < 30 as good events.

Since there are systematic errors in the magnetic field map and positions

of the chambers, the momentum calculated in this way must be calibrated and

corrected for such systematic errors. Correction of the momentum is desribed in

Section 3.8.1.

3.6 Selection of K+

After the SKS tracking, mass of the outgoing particle, Maut> was calculated by;

Mout=~~,

where p and f3 are momentum and speed of the outgoing particle, respectively. f3
was determined from time-of-flight information from BH2 to TOF and the path

length from the target to TOF calculated from the trajectory. Figure 3.6 shows

the spectrum of the outgoing particle mass. Events with 350 MeV < Mout <
650 MeV were accepted as good events.



46 CHAPTER 3. ANALYSIS I - THE (1l'+,K+) REACTION 3.6. SELECTION OF K+ 47

2
c
:J
o
U

50000

40000

30000

20000

10000

50

600

500

400

(/)

~ 300
:J
o
U

200

100

1400

Figure 3.5: Minimum X~KS distribution. Figure 3.6: Mass distribution of the outgoing particle.
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3.7 Reaction angle and reaction vertex point

Reaction angle was determined by the local track of the beam pion determined

by BDC3 and 4 and the trajectory of the outgoing particle. Figure 3.7 shows the

distribution of the reaction angle for the 7Li(1I"+,I(+) events. Angular resolutions

were estimated to be 8 mrad (r.m.s) for the horizontal reaction angle and 10 mrad

(Lm.s.) for the vertical reaction angle including a multiple scattering effect of

about 7 mrad in the target.

Reaction vertex point was determined in the following way;

1. Projections of the BDC3,4 track and SKS track onto the x-z (horizontal)

plane were made. Position information in the y coordinate was ignored

because of bad spatial resolution in the y coordinate.

2. x- and z- vertex were determined by taking the crossing point of the pro

jected tracks.

3. y-vertex was taken to be the average of the y position of the BDC3,4 and

SKS tracks at the z-vertex position.

The obtained z-vertex distribution, of which center was adjusted to zero with an

accuracy of 4 mm, is shown in Figure 3.8. Events of -160 mm < (z-vertex) <
160 mm were accepted. In order to avoid poor z-vertex resolution at small

horizontal reaction angles (Bhor1zontaI), events with 18horizontall < 10 mrad were

rejected. Contour plot of z-vertex and horizontal reaction angle is shown in

Figure 3.9. The resolution of z-vertex was estimated to be 1.2/llihocizont.J! mm.

3.8 Reconstruction of missing mass

Missing mass of the hypernucleus ILi, M(ILi), in the 7Li(1I"+,K+) reaction was

calculated by

1800
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o
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(3.1) Figure 3.7: Reaction angle distribution of the 7Li(1I",+ ,K+) reaction.

where Ex and Px are energy and momentum of a particle x, M(?Li) is the mass

of the 7Li target nucleus, and Ii is the reaction angle. Note that missing mass

spectra in the figures below are plotted in the scale of M(ILi) - M(?Li).
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3.8.1 Momentum correction
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Before obtaining missing mass spectrum, the momenta of pions and kaons deter

mined by the procedures explained in the sections above should be corrected for

the systematic errors caused by uncertainty of the magnetic fields and position

of the chambers. Energy loss in the target was also corrected for. I will describe

those corrections in the following subsections.

Energy loss in the target

Figure 3.10 shows a scatter plot of the uncorrected missing mass and dx/dz

of the outgoing kaon (USKS) for the 12C(7I"+ ,1(+) data taken for reference with

carbon target of 5.4 g/cm2 thick. One can see a strong correlation between the

missing mass and USKS in the figure. This correlation was removed by introducing

phenomenological correction

p'Krrected = PK + C . USKS,

Horizontal angle correlation

Calibration of the absolute scale

Momentulll losses for a lithium plate of 1 cm thick were calculated to be 0.891

MeV/c for 1.05 GeV/c pions and 1.281 MeV/c for 0.72 GeV/c kaons by using

LEPS code 1341. The flight path length of the beam pion (scattered kaon) in

the target was calculated by using the measured pion (kaon) track and reaction

vertex.

where c is a correction parameter and was taken to be 20 MeV/c. The scatter

plot after correction is shown in Figure 3.11.

Other correlations, such as dy/dz and higher order correlations were found to

be small and were neglected.

Figure 3.12 shows the obtained missing mass spectrum after the corrections de

scribed above. In order to extract the position of the ground state, the spectrum

was fitted with (4 gaussians) + (Quasifree continuum) + (constant background).

Fitting parameters for the four gaussians are summarized in Table 3.1. Rel

ative heights of the four gaussians were taken from the result of the previous

SKS experiment which were performed with the same conditions but with a thin

Figure 3.10: Correlation between horizontal angle and the missing mass before

the horizontal angle correction.
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Figure 3.11: Correlation between horizontal angle and the missing mass after the

horizontal angle correction.

(1.4 g/cm3
) target [35] and were fixed to be 0.23:0.26:0.14:0.09. Relative posi

tions of the four gaussians were also fixed to be Ez =0.0, 2.05, 4.28 and 6.0 MeV

from the present result (for the second gaussian, see Section 5.3.1) and Ref. [351

(for the third and fourth gaussians). Quasifree continuum shape was assumed

to be proportional to Ez - 5.58 where Ez was measured in the unit of MeV,

and height of the continuum was a free parameter. Mass resolution was a free

parameter common to alJ the gaussian peaks and quasifree continuum. The result

of the fitting is shown in the figure. Mass resolution was obtained to be 4.2 MeV

(FWHM), which is consistent with an estimation of energy loss fluctuation in the

target.

Table 3.1: Fitting parameters of the four gaussians. Number of events in each

peak is also shown from the result of the Jitting.

gaussian main component E z (MeV) reI. peak height number of events

#1 1/2+ 0.0 (fixed) 0.23 (fixed) 2.98x 10'

#2 5/2+ 2.05 (fixed) 0.26 (fixed) 3.36x 10'

#3 1/2+(T = 1) 4.28 (fixed) 0.14 (fixed) 1.81x10'

#4 5/2+(T = 1) 6.0 (fixed) 0.09 (fixed) 1.16x10'

To reproduce the correct binding energy of the ground state (5.58 MeV [36)),

momenta of pion and kaon were adjusted by +4.0 MeV/e and -4.8 MeV/e,

respectively. This adjustment is arbitrary, because one can also reproduce the

same effect by chaging either pion momentum by +8.0 MeV/e or kaon momentum

by -9.6 MeV/e instead of changing both momenta of pion and kaon. Therefore,

absolute momentum scale has stilJ some uncertainty. The effect of this uncertainty

is discussed in Section 5.3.2.

3.8.2 Binding energy of A

After the corrections described above, missing mass of XLi was converted to the

binding energy of A (EA ) by
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where M A and M(6Li) are the mass of A and 6Li core nucleus!, respectively.

Figure 3.13 shows the mass spectrum of XLi in the scale of -EA' The region,

-10 MeV < -EA < 2 MeV was selected as the bound state region of A particle.

9000 F==C:-:-==================~

180177.5
o C:=:=;::t:::::::::~~=e=~~~:f;:j±:;::=::::~~:S

160 162.5 165 167.5 170 172.5 175

MGLi)-MCLi) (MeV)

1000 1- : ; ,(.J< :i ;················,i· ..'. ,.)>:; ~., ..~H.4 '1

3000

7000

2000

8000

>6000
Q)

:2
L[)

05000
"-(f)

C
::14000
o
u

Figure 3.12: Missing mass spectrnm of XLi. The abscissa is plotted in the scale

of MiX Li) - M(1Li). Lines show the result of the fitting.

I We assumed that the 6Li core is in the ground state.
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Figure 3.13: Spectrum of the binding energy of the A. We have selected

-10 MeV < -BA < 2 MeV as the bound state region.

Chapter 4

Analysis II - ')'-rays

4.1 Event selection

We have selected events in which anyone of germanium detectors had a good

hit and there were no hits in the corresponding six BGO counters. How a good

germanium hit and BGO hits were selected is described in the following subsec

tions.

4.1.1 Germanium detector

A good hit in a germanium detector was selected in the following way;

1. ADC cut

Overflows and underflows in ADC were rejected.

2. TDC cut

Figure 4.1 shows a plot of ADC versus TDC for a typical germanium detec

tor. We set the TDC cut gate for each germanium detector as a function

of ADC. Figure 4.2 shows TDC gate widths for several ADC ranges of a

typical germanium detector. We set the gate width so as to make the event

loss due to this cut is less than 5%. The width of the gate as a function of

ADC for a typical germanium detector is shown in Figure 4.3.

If there were more than one TDC hits in the same germanium detector,

anyone of the hits must fulfill the condition.

3. Pileup rejection

59
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Figure 4.2: TDC gate o[ a typical germanium detector [or several ADC ranges.

One channel o[ ADC correspond to a ,-ray energy o[ about 0.6 keV (see Section

4.2). The timing resolution in FWHM is also shown [or each TDC spectrum.
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Figure 4.1: ADC-TDC relation of a typical germanium detector.
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Figure 4.3: TDC gate width o[ a typical germanium detector as a [unction o[
ADC.

550

Utilizing the multihit feature of the TDC (See Section 2.3.6), pileup re

jection was applied to germanium hits selected above. A hit was rejected

if there was another hit within ±3 J.Ls in the same germanium detector.

,-ray energy spectra around the 511 keY (e+e-) peak for various pileup

conditions are shown in Figure 4.4.
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Figure 4.4: ,-ray energy spectra around tI,e 511 keV (e+e-) peak [or various

pileup conditions. We cannot see tI,e peak when we select those events which

have one or more hits within ±3 J.Ls.
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4. Reset veto

A hit was also rejected if the preamplifier of the germanium detector resets

within 15 J.Ls before the hit. As shown in Figure 4.5, we ean not see the 511

keY peak if we select events where reset oeeured within 15 J.LS.
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4.1.2 BGO counters

Figure 4.5: ,,-ray energy spectra around tlle 511 keY (e+e-) peak. We cannot

see the peak when we select those events which have reset signals within 15 fLS.

Figure 4.6 shows the scatter plot of energy (E) and timing (T) of the BGO

counters. Energies for the BGO counters were calibrated with 60Co source and 511

keY ,,-rays from e+e- annihilation. A BGO counter was considered to be having

a hit when E > 100 keY and -4 < T < 100 ns. Those gates were determined so

as to obtain a good suppression efficiency with a moderate accidental killing rate

of about 5% [37]. A germanium hit was rejected if there were one or more hits

in the corresponding six BGO counters.

Figure 4.7 shows ,,-ray energy spectra with and without the BGO suppression.

The BGO counters reduced the background in germanium detector by more than

factor of 3 over a wide range of 0.5 < E~ < 3 MeV as shown in the figure. The

accidental killing rate was estimated to be 94 ± 2% from the background level of

the TDC spectrum.

4.2 Calibration of germanium detectors

Calibration data for the ,,-ray energy measured by the germanium detectors were

taken several times during the beamtime in off-beam conditions. We used a

standard mixed source which contains ten ,,-ray sources covering a wide range of

,,-ray energies from 59 keY to 1836 keY (See Table 4.1).

Figure 4.8 shows a plot of ADC versus ,,-ray energy of a typical germanium

detector for a calibration run. We have used quadratic functions to fit the energies

of the calibration peaks. Non-linearity of the calibration curve was typically about

0.1 %. Residuals of the fitting are also shown in the figure.

Though the calibration error is as small as ~ 0.3 keY in Figure 4.8, there

are two effects which make it worse. One of them is the time dependent drift

of the peak position. The size of peak drift was checked by comparing different

calibration data and monitored throughout the experiment with the 60Co mon

itoring system. Figure 4.9 shows the time dependent peak position of the 60Co

1.33 MeV ,,-rays measured in the monitoring system and Figure 4.10 shows cal

ibration peaks of 88y 1. 36 MeV ,,-rays for a typical germanium detector taken

at the beginning and at the end of the beamtime. The peak drift was found to

be about 1 ~ 2 keV for those peaks. The ,,-ray energy was not corrected for

the effect because run by run peak drift observed in the ADC of the monitoring

system can be different from that in the ADC of the main DAQ system.
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Figure 4.6: A plot of energy versus timing of the BGO counters. We take the

events in the region enclosed by the solid curves as BGO hits.
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Figure 4.7: The effect of the BGO suppression; Up: I-ray energy spectra of

germanium detectors for (7r,+ , K+) events with and without BGO suppression
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Figure 4.8: ADC of a typical germanium detector and f'-ray energies. Residuals
of the calibration are also shown.

Figure 4.9: Time drift of the peak position of the 60 Co 1.33 MeV f'-rays measured

in the monitoring system, for a typical germanium detector. The abscissa is the

run number. Typical length of a run is 2 hours.
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Table 4.1: )'-ray sources contained in the mixed source and their )'-ray energies.

We have estimated the errors of calibration by using a )'-ray energy spectrum

without selecting the true (1l'+,K+) events. By using all the (1l' ,K+) triggers,

which were mostly (1l'+,p) events, high statistical spectrum was obtained for the

same condition as the true (1l'+, K+)') events. Figure 4.12 shows the spectrum, in

which many peaks of normal nuclear )'-rays, most of which come from secondary

reactions in materials around the target (such as aluminium and iron) are seen.

Assignments and observed energies of the peaks in Figure 4.12 are tabulated in

Table 4.2. From those peaks, the systematic error is estimated to be better than

The other factor is that the peak position shifts by 1 ~ 2 keY between the

beam on and off conditions due to the high counting rate of the germanium

detectors. We have estimated the peak shift by the 60Co peaks in the monitoring

system (See Figure 4.11) and the e+e- annihilation peak at 511 keV.1t was found

that the size of the peak shift was almost the same over the )'-ray energies of 0.5

1.3 MeV. We assumed the shift is independent of the )'-ray energy and corrected

the )'-ray energies germanium by germanium for the constant shift. We neglected

the possible beam intensity dependence and time dependence of the peak shift

by taking an average over the whole beamtime.

)'-ray energy (keV)
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Figure 4.10: Calibration peaks of 88 y 1.836 MeV )'-rays for a typical germanium

detector. Top: at the beggining of the beam time. Bottom: at the end of the
beam time.
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Figure 4.12: ,-ray energy spectrullJ without selecting the ("'+, [(+) events.
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4.3 Efficiencies of germanium detectors
Figure 4.11: Peak shift between beam on and off {or the 60Co 1.33 MeV peak

measured in the monitoring system. Peak silift is shown as a (unction o{ fUn

number.

Photo-peak efficiencies of the germanium detectors were calibrated by the same

mixed ,-ray source mentioned in Section 4.2. In order to take the target size into

account, we put the ,-ray sources at several points in the lithium target volume,

as shown in Figure 4.13, after removing the target. The calibration result was

compared with a GEANT simulation for each source position, as shown in Figure

4.14. Since the simulations and the calibration data agree well with each others,

we used values obtained from the simulation as the photo-peak efficiencies of

the germanium detectors. Figure 4.15 shows the photo-peak efficiencies of the

germanium detectors calculated from the simulation in the case where the ,-ray

sources distribute uniformly in the target volume and absorption of ,-rays in the
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4.4.1 Doppler shift correction

4.4 Doppler shift

Figure 4.13: -y-ray source points used to calibrate the efficiency of germanium
detectors.
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target is taken into account.

The in-beam livetime was measured by the monitoring system, and found

to be 53.8 ± 0.5% as described in Section 2.3.1. Overall analysis efficiencies

were estimated to be 98 ± 2% and 94 ± 2% for the TDC cut and the BGO cut,

respectively. (See Section 4.1.1 for those cuts) The solid line in Figure 4.15 is

the photo-peak efficiency of the germanium detectors including all the effects
described above.

Since some of the -y-rays from XLi are emitted in flight, the measured energies of

the -y-rays can be shifted due to the Doppler effect. If we know the velocity of XLi

and the direction of a -y-ray, Doppler shift can be correccted by the relativistic

Table 4.2: Measured energies and assigllments of tIle peaks in Figure 4.12. Mea-
sured energies without errors are just rough estimations.

measured energy(keV) assingnment energy(keV) [31] comments
78 Bi X-ray(Ka )

88 Bi X-ray(KJ3 etc.)
198 7lGe?

440.1 ± 0.3 23Na 440.0
477.8 ± 0.2 7Li 477.6 broad
511.1 ± 0.1 e+e- 511.0

564 76Ge(n,n') high-energy tail
596 74Ge(n,n') high-energy tail
692 72Ge(n,n') high-energy tail
834 72Ge(n,n')

846.3 ± 0.1 27Al,56Fe 843.7,846.8
895 209Bi,72Ge?
931

1014.3 ± 0.2 27AI 1014.4
1022

1039 70Ge(n,n') high-energy tail
1130

1173.3 ± 0.5 60Co 1173.2
1238.3 0.3 56Fe 1238.3
1333.4 ± 0.4 60Co 1333.2
1368.8 ± 0.5 24Mg 1368.6

1408

1435

1609.1 ± 0.5 209Bi 1608.5
1809.8 ± 0.3 26Mg,56Fe 1808.6,1810.8 broad?
2211.4 0.4 27Al 2211.0 broad

2599 56Fe,209Bi?
2750 24Mg broad
3005 27Al? broad
3550 6Li broad
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Figure 4.14: Total efficiency of germanium detectors for each "(-ray source po

sition. The crosses show the measured efficiencies and the solid lines show the

simulated efficiencies.

Figure 4.15: Total efficiency ofgermanium detectors obtained from the simulation

in the case where "(-ray sources distribute uniformly in the target volume. Dotted

line: in-beam deadtime and analysis efficiencies are not taken into account. Solid

line: those effects are taken in to accoun t.
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E~omct<d = E:;<asu«d . ,( 1 - (3 cos II),
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where E~orrcctcd and E;easurcd are the corrected and lneasured ,-ray energy, re

spectively, (3 is the velocity of lLi" is defined as, = 1/"ff=7J'I, and II is the

angle made by the direction of the "ray and the velocity vector of I Li in the

laboratory frame. The recoil velocity was calculated from the measured momen

ta of the pion and kaon with an assumption that the velocity at the time of the

decay is the same as the initial recoil velocity. The direction of the "ray was de

rived from the measured reaction point and the volume center of the germanium

detector having the hit.

4.4.2 Monte-Carlo simulation

In order to obtain the peak shape broadened by the Doppler shift, we performed

Monte-Carlo simulations of ,-ray emission taking into account the slowing down

process of the recoil I Li in the following way;

1. For each of the measured (71'+, K+) events, "rays were generated at the

measured reaction point. The directions of the ,-rays were assumed to

distribute uniformly in the rest frame of lLi.

2. For a given lifetime of the ,-ray emission, the ,-decay timings were deter

mined to follow the exponential distribution. Simulated spectra depend on

the lifetime via the distribution of the decay timing determined here.

3. ,-rays were Lorentz boosted with the velocity oflLi at the time of the decay.

The velocity at the time of the decay was calculated from the measured

recoil momentum and the decay timing using the SRIM code [38J.

Figure 4.16 shows the velocity of lLi as a function of time, calculated by

using the stopping power of the SRIM code. We estimated the overall

uncertainty of the stopping power of the code to be 5% from the error of

the stopping power of various ions in He and Be [39]. It is noted that in

non,relativistic approximation, the acceleration is proportional only to the

stopping power as;

dv dv dE dx 1 dE 1 dE
di = dfjd;di = mv d;v = ;:;d;'

0.06

"'- 0.04

1
0.02

000 oL---'--'---'--'-------'---L----'~..J.--'-------'-lo-L---'--'---'-1""5""'---'-~

time(ps)

Figure 4.16: Stopping oflLi calculated by the SRIM code {38}. VelocityoflLi

is shown as a function of time.

where v is the velocity, E is the kinetic energy, x is the position and m is

the mass of the stopping particle, and t represents the time. Therefore, if

we increase the overall stopping power by 5%, the stopping process becomes

faster by the same fraction.

4. If a ,-ray hits the effective volume of a germanium detector, the energy of

the "ray was filled into a histogram. The effective volume of a germani

um detector was taken to be a sphere of a 30 rnm radius in the simulation

program. The simulation result depends little on how to take the effective

voulume of the germanium detector. Doppler shift correction for the simu

lated data was also performed in the same way. We took into account the

position resolution of the vertex point in the simulation of the Doppler shift

correction.

Since photons are massless, the Doppler factor, z, is independent of the ,

ray energy. Figure 4.17 shows the doppler factor distribution obtained by the
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Figure 4.17 (continued): Distribution of Doppler factor for lifetimes of T

4,6,8,10 ps obtained by tIle Monte Carlo simulation; (a): without shift Doppler

correction, (b): with Doppler correction.

0.90 0.95 1.00 1.05 1.10

Doppler factor (z)

10

15

20

10

30

0.90 0.95 1.00 1.05 1.10

Doppler factor (z)

20

40

~~ 5

~ 0 H++-H-t4-t++~f-t+++t-++++-H E 0 F+++-H--t++-H-t+-t++-Pl-f-t++-t--H

~60 ~~
40

Figure 4.17: Distribution of Doppler factor for lifetimes of T = 0,2 ps obtained

by the Monte Carlo simulation; (a): without Doppler shift correction, (b): with

Doppler correction.

simulation for various lifetimes. When the assumed lifetime is zero, the peak is

fully broadened without Doppler shift correction, while it is much shaper with

Doppler shift correction. For longer lifetimes, sharp peak appears in the Doppler

uncorrected spectra due to l'-ray emission after the stopping of ~ Li, but the effect

of Doppler shift correction becomes worse. It is noted that the shape of the peak

is not left-right symmetric, because there are more germanium detectors in the

upstream side than the downstream side (see Section 2.3.5). For finite lifetimes,

this effect makes the peak positions in Doppler shift corrected spectra higher than

the real l'-ray energy.
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Figure 5.1: "(-ray energy spectra measured in coincidence with the 7Li(.".+,K+)

reaction. (aJ is [or the bound state region and (bJ is [or the unbound region. See

text [or the assignment o[ the peaks.

Chapter 5

5,1 ,-ray energy spectra

Results

Figure 5.1 shows the "(-ray energy spectra for the bound state region and unbound

region (-BA > 2 MeV). Several peaks which are common to both spectra do not

come from ~Li, but from other sources such as e+e- annihilation (511 keY), 74Ge

(596 keY), 27 Al (844 keY) and 56Fe (847 keY). The two peaks at 429 keY and

478 keY seen in (a) are from 7Be (429 keY) and 7Li (478 keY) produced by the

weak decay of ~Li, namely ~Li ---7""- 7 Be' and ~Li ---7 .".0 +7 Li'.

There are two peaks at around 690 keY and 2050 keY which are seen only in

(a). This fad indicates that those peaks come from ~Li. The peak at 2050 keY

is the same as observed in the previous experiment with aI counters [151, and

is attributed to the E2(5/2+ ---7 1/2+) transition.

Assignment of the other peak needs a discussion. Figure 5.2 is the same as

Figure 5.1 (a), but the "(-ray energies are corrected for the Doppler shift. As

shown in the figure, the 690 keY peak becomes much narrower with the Doppler

shift correction. This means that the "(-transition has a large transition rate of

more than (~ 3 pstJ (see Figure 4.17). If the transition is an E2 transition,

the reduced transition rate must be larger than 1700 e2fm4, which is too large

for such a light (hyper-)nuclei1 We don't think about a possibility of an E1

transition, because no negative parity states are expected in the bound state

region. Therefore, we conclude that the transition has a multi polarity of M1.

In the bound state region of ~Li (see Figure 1.3), there are five candidates for

llf we use the Weisskopfunit, this corresponds to 2.J X ]03 W.U.
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an 1\11 transition2:

1. Spin-flip 3/2+ -+ 1/2+ transition.

2. Spin-flip 7/2+ -+ 5/2+ transition.

3. 1/2+(T = 1) -'> 1/2+ transition.

4. 1/2+(T = 1) -+ 3/2+ transition.

5. 5/2+ -+ 3/2+ transition.

5.2. THE SPIN-FLIP Ml (3/2+ -+ 1/2+) TRANSITION. 85

The transitions 3 and 4 are unlikely because the expected energies of the transi

tions are too large (~ 3 MeV or larger). The transition 5 is also unlikely since

the peak shape determined by the Doppler effect is different from that of the

E2(5/2+ -+ 1/2+) transition. If the initial state is common to this transition

and the E2(5/2+ -+ 1/2+) transition, Doppler broadening must be the same.

Therefore, the transition 1 and 2 are the only possible candidates. From the

yield estimation described in Section 5.2.2, the peak is attributed to the spin-flip

Ml(3/2+ -+ 1/2+) transition. With this assignment, the yield of the peak can

be explained by considering ,-ray cascade processes from upper states such as

5/2+, 7/2+ and 1/2+(T = 1) as well as the direct production of the 3/2+ state,

while no such cascade processes are available for the 7/2+ state.

Those two transitions are the first well-identified ,-transitions of hypernuclei

observed by using germanium detectors. Detailed descriptions about them are

given in the following sections.

150

>
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~ lOa
"---
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;:l
o
()

~Li
M1(3/2+ ->1/2+)

~Li
E2(5/2+ ->1/2+)

1

5.2 The spin-flip MI (3/2+ -t 1/2+) transition.

5.2.1 'Y-ray energy

Figure 5.3 shows ,-ray energy spectra around the Ml peak with and without

the Doppler shift correction. To obtain the energy of the transition, the Doppler

corrected spectrum was fitted to a gaussian with a linear background. The result

of the fitting is shown in the figure. From the fitting, the position of the peak

was obtained to be 691.9 ± 0.6 keV, where the error is statistical. The width

210 the present discussion, we are assuming that the 3/2+ (7/2+) state is the upper part

of the ground (first excited) state doublet. This assumption can be justified in several ways as

described in Appendix B.

a olL'----L-JL-JLI--.l0L'.00.:i..':~.:J.!'~2t1!10--'OO~~~~3lliO...00I!ll.!!J..'t>I...IJ!,i"""'4'-1100....0'-"""'.......I

E"(keV)

Figure 5.2: ,-ray energy spectrum [or the bound state region after Doppler shirt

correction. See text [or the assignment o[ the peaks.
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3. Calibration error

2. Uncertainty of the z-vertex center position

87

We take ±0.5 keY as a systematic error due to calibration uncertainty as

discussed in Section 4.2.

Therefore, the obtained "(-ray energy was reduced by 0.2 keY with a sys

tematic error of ±0.2 keY.

The center position of the z-vertex distribution has an uncertainty of 5 mm

including the uncertainty of the target position (3 mm) in the coordinate

system of the Hyperball (see Section 3.7 and 2.2.3). This corresponds to a

systematic error of ±0.8 keY, according to Monte-Carlo simulations. Ran

dom errors of z-vertex cancel by taking average and are negligible. The

systematic errors from the offsets of the x and y coordinates are also found

to be negligible.

assuming that 20% of the events come from such states as 5/2+, of which

lifetime is obtained to be 5.8 ps in Section 5.3.2. With this assumption, the

position of the peak was 0.4 keY higher than the true "(-ray energy in the

simulation.

5.2. THE SPIN-FLIP Ml(3/2+ --+ 1/2+JTRANSITION.
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Figure 5.3: "(-ray energy spectrum around the Ml peak; (aJ: with Doppler cor

rection. (b): without Doppler correction. The results of the fittings are shown

with the solid lines.

Considering the corrections and systematic errors above, the energy of the tran

sition is obtained to be 691.7 ± 0.6(stat.) ± 1.0(syst.) keY.

obtained by the fitting was 4.5 ± 0.5 keY in Lm.s., which was well reproduced

by the Monte Carlo simulation (4.4 keY). The yield was obtained to be 119 ± 14

counts.

Corrections and systematic errors of the "(-ray energy

1. Correction due to finite lifetime

According to Monte-Carlo simulations, the position of the peak obtained

in this way is 0.2 keY higher than the real "(-ray energy. This is because of

the finite lifetime of the 3/2+ state, which was taken to be 0.5 ps from the

calculated B(M1) values in Refs. [30,2] (see Section 4.4.2).

If we further incorporate the "(-ray cascade process from upper states with

long lifetimes, t his correction can be larger. We estimated the effect by

5.2.2 ,-ray yield and peak assigmnent

We used the Doppler shift uncorrected spectrum to obtain the yield of the peak,

instead of the corrected one. This is because the yield obtained by the fitting of

Doppler shift corrected spectrum is expected to be smaller than the actual value

due to the event loss at the small horizontal scattering angles. Doppler shift

correction does not work properly for such events, because of the bad z-vertex

resolution.

The Doppler shift uncorrected spectrum was fitted to a simulated spectrum

with a linear background. In the simulation, lifetime of the 3/2+ state was taken

to be 0.5 ps, and the energy of the "(-ray was fixed to be 691.7 keY. The fitting

result is shown in Figure 5.3. It is shown that the spectrum can be well reproduced

by the Monte Carlo simulation. The obtained yield was 128 ± 17 counts, which is

larger than the value obtained from the Doppler corrected spectrum as expected.
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According to the simulations, the yield difference can be explained by the effect

described above.

This yield can not be explained by the direct production process of the 3/2+

state, since the state have to be produced by the spin-flip amplitude which is

known to be much smaller than the non spin-flip amplitude in the (.,,-+,1(+)

reaction [321. According to the calculation by Hiyama et ai., the reaction cross

section of the 3/2+ state is about 10% of the 1/2+ state [30]. Taking the produced

number of the 1/2+ state to be 2.98 X 10' from Table 3.1, and believing the ratio

of the theoretically calculated production cross section, the yield of the transition

from the direct production process is estimated to be 39 counts using the efficiency

of the germanium detectors obtained in Section 4.3. This is more than three

times smaller than the observed counts, which indicates that the 3/2+ state is

mainly populated by the ,-ray cascade processes. This situation is similar for the

7/2+ state, but there are no ,-ray cascade processes to populate the 7/2+ state.

Therefore, it is concluded that the observed transition is the M1(3/2+ ---l 1/2+)

transition.

If the ,-ray cascades are really the dominan t processes to populate the 3/2+

state, some of the feeding ,-rays might be observed in the experiment. This

possibility is discussed in Section 5.4.3.
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5.3 The E2(S/2+ ---+ 1/2+) transition

Figure 5.4 is a magnification of the 2050 keY region, shown in Figure 5.1 (a).

The peak has two components, namely the narrower part and the broader part

which is due to the Doppler shift.
1900 2000 2100

E-y(keV)
2200 2300

5.3.1 l'-ray energy

To obtain the energy of the ,-rays, the peak is fitted with two gaussians (one for

the narrower part and the other for the broader part) plus a linear background.

The fitting result is 2050.1±0.4 keY, where the error is statistical. The systematic

error due to the calibration uncertainty is estimated to be ±0.6 keY. Selection

of fitting function for the broader peak gives further systematic error of 0.3 keY.

Therefore the ,-ray energy is obtained to be 2050.] ± 0.4(stat.) ± 0.7(syst.) keY.

Considering a small recoil energy (0.3 keY) of ~Li, the excitation energy of the

5/2+ state is resulted in 2050.4±0.4(stat.)±0.7(syst.) keY. This value is consistent

Figure 5.4: ,-ray energy spectrum around the E2 peak. The result of the fitting

to the simulated spectrum is shown with the solid line.
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with the result of the old experiment with aI counters (2034 ± 23 keV), and

the precision of the present result is more than one order of magnitude better

than that. Indeed, this energy precision is a new world record of hypernuclear

experiments.

5.3.2 Lifetime analysis

Lifetime of the 5/2+ state was derived from the shape of the peak by fitting the

simulated spectrum. In the simulation, we fixed the ,-ray energy to be 2050.1

keV and took the response function of the germanium detectors into account (see

below). A linear background was assumed in the fitting. The result of the fitting

is shown by the solid line in Figure 5.4. The lifetime and the yield of ,-rays

obtained from the fitting are 5.8 ~g~ ps and 192 ± 17counts, respectively, where

the errors are statistical.

Systematic errors of the lifetime are estimated as follows.

1. Uncertainty of the reaction vertex point

According to simulations, uncertainty of the z-offset for the reaction vertex

of 5 mm and resolution of the vertex do not affect the lifetime more than

0.1 ps.

2. Peak position

Effect of the peak position was estimated by changing the "'I-ray energy by

±0.4 keV. The lifetime changed by ±0.1 ps as the energy changes.

3. Distribution of "'I-ray direction

We assumed that the distribution of the "'I-ray direction is uniform, but it

may not be the case since the spins of produced ~Li are expected to be

aligned in the normal direction of the reaction plane. As an extreme, we

simulat.ed a case where all the 5/2+ states are aligned to Ij,1 = 5/2. In this

simulation, the obt.ained lifetime is 0.4 ps longer than the uniform case.

Thus the syst.ematic error due to this is estimated t.o be ±0.4 ps.

4. Recoil momentum

As explained in Section 3.8.1, there is some uncertainty in the absolute

scale of t.he pion and kaon moment.a. This uncert.ainty cancels largely in

the recoil momentum, as we take the differnce of the t.wo momenta. As a

result, the uncertainty is about 1 MeV/e, which is only 0.3% of a typical

recoil momentum and is negligible in the lifetime analysis.

The random error of recoil momentum is also negligible, since they cancel

eaeh others by taking average.

5. Stopping power

As explained in Section 4.4.2, we estimated the error of the stopping power

of the SRIM code and thus the error of the lifetime is ±5% (±0.3 ps). It is

noted that the uncertainty of the stopping power is larger at velocities lower

than O.Ole. However, this hardly increase the uncertainty of the lifetime

because the velocity of ~Li at the time of the ,-ray emission is larger than

O.Olc in most cases.

6. Response functions of germanium detectors

Response functions of germanium detectors affect the lifetime mainly via

the tail of the peak. Since the tail of the peak is produced by the radiation

damage of the germanium detectors, it is very much different at the begin

ning and at the end of the beamtime, as shown in Figure 4.10 for a typical

germanium detector.

Figure 5.5 shows the response function used in the simulation. This was

derived from the calibration data of 1.836 MeV "'I-rays, extrapolated to 2.05

MeV and averaged over all the germanium detectors and the calibration

runs through the whole beamtime. When we used other response functions

derived from the calibration data at the beginning and at the end of the

beamtime, the lifetime changed by -0.4 ps and +0.3 ps, respectively. Thus

we take ~g:~ ps for the systematic error.

7. Reaction vertex cut

To estimate the effect of the z-vertex cut (see Section 3.7), we studied the

cases where the vertex cuts were l(z-vertex)1 <100, 125 (actual target size)

and 200 mm. With those conditions, the lifetime changes no more than 0.1

ps. We also performed a simulation in which we assumed the vertex point

distributes uniformly in the target instead of using that of the real events.

The lifetime has not changed with this simulation. Thus the systematic

error due to the reaction vertex cut was found t.o be negligible.
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8. Horizontal reaction angle cut

93

Figure 5.5: Response (unction used in the Monte-Carlo simulation.
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The effect of horizontal scattering angle cut described in Section 3.7 was

studied by changing the cut condition to IOho,izont.d <5, 15 and 20 mrad.

The lifetime changed by 0.1 ps as the cut changes. This is much smaller

than the statistical error and thus we neglected the systematic uncertainty

due to the horizontal scattering angle cut.

9. B A gate

In order to study the B A gate dependence of the lifetime, we studied the

cases where the upper bound of the -BA gate is 0, 1,3 and 4 MeY instead

of 2 MeY (see Section 3.8.2). The lifetime changed no more than 0.1 ps

with those bounds. Therefore we neglected the systematic error due to the
B A gate.

10. Fitting region

The fitting was performed in the region of 1800 < E, < 2300 keY. Se

lection of fitting region might affect the lifetime via the estimation of the

background level. In order to study this effect, we changed the fitting region

to 1825 < E, < 2275 keY and 1850 < E, < 2250 key3. The lifetime be

came shorter by 0.1 ps as the fitting region becomes narrower to ±200 keY

of the peak. Thus we neglected the systematic error due to the selection of
the fitting region.

11. Effect of the 7/2+ state

,-ray cascade process from upper states can make the lifetime seem longer

because of the lifetime of the upper state. In the case of the 5/2+ state in

l Li, the 7/2+ state is the only candidate for the parent state of the ,-ray

cascade. We estimated the effect of the cascade process from initial 7/2+
state by assuming the followings;

(a) Production cross section of the 7/2+ state was taken to be 6.5% of the

5/2+ state according to Ref. [30].

3The fitting region must be wide enough compared to the Doppler width of the peak (±120

keV at maximum) to obtain a proper backbround level. Thus, we should avoid to use fitting
regions narrower than ±200 keV.
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(b) Excitation energy of the 7/2+ state was assumed to be 2.48 MeY ac

cording to Millener's phenomenological calculation [26J which repro

duces the excitation energies of the 3/2+ and 5/2+ states obtained in
the present experiment.

(c) Lifetime of the 7/2+ state was calculated to be 2.0 ps by using the

B(E2; 7/2+ -t 3/2+) and B(M1; 7/2+ -t 5/2+) values of Hiyama et

aI. [30]. Branching ratio of the 7/2+ -t 5/2+ transition was estimated

to be 0.85 from the same calculation.
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In the simulation where the effect of the 7/2+ state was taken into account

using those assumptions, the lifetime of the 5/2+ state became shorter by

0.1 ps. Thus we neglected the systematic error from this effect.

In total, the systematic error is estimated as ±0.7 ps by summing up the errors

estimated above in quadrature. Thus the lifetime is obtained to be 5.8 ~g:~ ± 0.7
ps.

5.4 Other transitions

5.4.1 The 5/2 ---+ 3/2+ transition

Since the excitation energy of the 5/2+ and 3/2+ states are known to be 2050.4

keY and 691.7 keY, a peak for the 5/2+ -t 3/2+ transition should be observed at

1358.6 keY' if the yield is large enough. In the experiment, however, we did not

observe the peak as shown in Figure 5.6. We set an upper limit of the branching

ratio of the transition to be 4.3% at 68% confidence level.

In the weak coupling limit, the transition is a pure E2 transition, and the

branching ratio of the 5/2+ -t 3/2+ transition is estimated to be

BR(5/2+ -,' 3/2+) _ ~ (b.E(5/2+,3/2+))S _
BR(5/2+ -t 1/2+) - 7 b.E(5/2+, 1/2+) - 0.037.

By using the B(E2; 5/2+ -t 3/2+) value of Hiyama et al. [30], the branching

ratio is calculated to be 3.8%. Those calculations are consistent with the present

upper limit. This indicates that the M1 component of the transition is small, as
expected from the weak coupling assumption.

4This value includes a smaJl correction of -0.] keY for recoil of ~Li.
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Figure 5.6: ,-ray energy spectrum around 1350 keY. There is no peak at 1359

keY, being consistent with what is expected from the weak coupling assumption.
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5.4.2 Transitions from the 7/2+ state
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We did not find peaks for the transitions from the 7/2+ state. If we use the same

assumption as in the Section 5.3.2 for the excitation energy of the 7/2+ state and

the transition rates of the 7/2+ -t 3/2+ and 7/2+ -t 5/2+ transitions, we would

expect two peaks of 2 and 29 counts at 1.79 MeV and 0.43 MeV, respectively.

On the other hand, the background levels at these energies are respectively 6 and

35 counts per 5 keY, and the expected widths are 13 and 4.2 keY (r.m.s.) in

the Doppler shift corrected spectrum, we need 33 and 43 counts to see 3" peaks

for those transitions. Thus the non-observation of those transitions is consistent

with what we have expected from theoretical calculations.

5.4.3 Transitions from the 1/2+(T = 1) state

15

According to the calculation by Hiyama et al. [30], the Ml(I/2+(T = 1) -t

3/2+) transition gives the largest contribution for the yield of the Ml(3/2+ -t

1/2+) transition. Their calculation says that the Ml(I/2+(T = 1) -t 3/2+) and

Ml(I/2+(T = 1) -t 1/2+) transitions might be observed with similar strengths

in the present experiment.

We found a pair of peak candidates at 3180 keY and 3880 keY in the Doppler

shift corrected "(-ray energy spectrum, as shown in Figure 5.7. By fitting a

gaussian with a linear background to each of the peak candidates, the "(-ray

energies were obtained to be 3182 ± 3 keY and 3877 ± 6 keY, respectively. The

energy difference of 695 ± 7 keY shows a very good agreement with the excitation

energy of the 3/2+ state. The yields of the peak candidates were obtained to be

18 ± 5 and 16 ± 6 counts from the fitting.

We further tried another fit by assuming several constraints as;

1. The energy difference of the two peaks was taken to be 691.3 keYs from the

excitation energy of the 3/2+ state.

2. The widths of gaussians for the peaks were fixed to the Doppler width after

the Doppler shift correction (15 and 18 keY in r.m.s., respectively) obtained

in the Monte-Carlo simulation. It is noted that the expected lifetime of

the 1/2+ state is an order of 0.1 fs, and thus the effect of Doppler shift

attenuation is negligible.

5Recoil energy of ~ Li was taken int.o account.

Figure 5.7: "(-ray energy spectrum of high energy region with Doppler correction.

There is a pair of peak candidates at 3182 ± 3 ke V and 3877 ± 6 ke V. The result

of the constrained fit described in the text is shown with solid curves.
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Table 5.1: Summary table of the obtained yields of the -y-rays.

4. For each peak, a linear background which is independent of each other was
assumed.

3. The ratio of the yields of the two peaks were taken to be 1 : 0.75 from the

B(Ml) values of Ref. [30), the -y-ray energies obtained above, and the -y-ray
detection efficiency.

The result of the constrained fit is shown in the figure with solid curves.

It is seen that the peak pair can be well reproduced by the fitting with those

assumptions. The -y-ray energy of the upper peak was obtained to be 3875.2 ±4.0

keV in the constrained fitting. The obtained yield of the lower peak is 19.7 ± 4.6

counts, and thus the significance of the pair peak candidate is 4.3"..

2. The particle decay threshold for ~He + d at 3.94 ± 0.04 MeV [36] is actually

located below the 1/2+(T = 1) state at 3.88 MeV. In this case, the partial

decay rates of the particle decay and the -y-decays can be the same order,

because the particle decay from T = 1 states are suppressed due to isospin
conservation while the -y-decays are very fast 7 .

Anyway, if we take the values in Table 5.1 for the -y-ray yields of the transitions

from the 1/2+(T = 1) state, the yield of the Ml(3/2+ ---+ 1/2+) can be explained

consistently. The contribution of the Ml(I/2+(T = 1) ---+ 3/2+) transition for the

Ml(3/2+ ---+ 1/2+) transition is calculated to be (19.7/0.41) x 1.21 = 58 counts.

Combined with the contributions from the direct production (39 counts), from the

E2(5/2+ ---+ 3/2+) state (15 counts, taking the branching ratio to be 3.8%) and

from the 7/2+ state (4 counts, for the same assumption as described in Section

5.3.2), the calculated yield is 116 counts. This is consistent with the observed

value within one statistical error. This fact strongly supports the existence of

the peaks for the transitions from the 1/2+(T = 1) state at 3.18 MeV and 3.88
MeV.

1. The real production yield of the 1/2+(T = 1) state is smaller than that in

Table 3.1. In this case, the remaining yield is ascribed to other states, such
as the second 3/2+ state6 •

128 ± 17

192 ± 17

19.7 ± 4.6

14.8 ± 3.5

-y-ray yield

0.69

2.05

3.18

3.88

-y-transition

Ml(3/2+ ---7 1/2+)

E2(5/2+ ---7 1/2+)

Ml(I/2+(T = 1) 3/2+)

Ml(I/2+(T = 1) 1/2+)

5.5 Summary of the i-ray yields

The obtained -y-ray yields for the Ml(3/2+ ---'t 1/2+), E2(5/2+ ---+ 1/2+), Ml(I/2+(T =

1) 3/2+) and Ml(I/2+(T = 1) ---+ 1/2+) transitions are summarized in Table

5.1. The yields of the last two transitions from the 1/2+(T = 1) state are taken

to the value obtained for the pair peak candidates described in Section 5.4.3

The yield of the E2(5/2+ ---+ 1/2+) is consistent with the value estimated to

be 192 counts from the number of 5/2+ state produced by the (7[+, K+) reaction

(3.36 X 10\ see Table 3.1), the branching ratio of the 5/2+ ---+ 1/2+ transition

(93.6%, see Section 6.2) and the detector efficiency (0.61 %, see Section 4.3).

From the yield of the 1/2+(T = 1) state in Table 3.1, the expected yield of

the Ml(I/2+(T = 1) --, 3/2+) and J11l(1/2+(T = 1) ---+ 1/2+) transitions are

respectively 40 and 30 counts, which are about two times larger than the obtained

yields for the peak candidates. There are two possible explanations for this yield
discrepancy; 6The main component of this state is 6Li(2+, 4310 keV)€IsA.

7The expected transition rates are an order of (0.1 fS)-1 from the B(At I) values in Ref. [30J
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Chapter 6

Discussion

6.1 The AN spin-spin interaction

The excitation energy of the 3/2+ was obtained to be 691.7 ± 0.6 ± 1.0 keV. If we

use the simplest formula (1.1), the 6 parameter is derived to be 0.46 MeV. More

realistically, we have to estimate the effects of spin-orbit and tensor interactions.

We used SA, SN and T parameters of various potential models in Table 1.1. The

results are 6 = 0.48 ~ 0.50 MeV as shown in Table 6.1 for the formula (1.3).

The effects of those interactions are 20 keV at most in these potential models.

The obtained value is consistent with 6 ~ 0.5 MeV estimated from the four

body hypernuclear data [3]. In a recent four-body (a-n-p-A) cluster model calcu

lation by Hiyama et al. [40], the present result is also consistent with the strength

of the spin-spin estimated from the four-body hypernuclear data. They modified

the strength of the spin-spin interaction of Nijmegen model F potential (NF) [7]

to reproduce the 0+ and 1+ splitting of four-body hypernuclei and obtained 650

keV for the excitation energy of the 3/2+ state, without effects of the spin-orbit

interactions. Thus the strength of the AN spin-spin interaction is experimentally

Table 6.1: 6 parameters obtained by fixing the other paramters to the original

values of various potentials. See caption of Table 1.1 for the names of the potential

models.

established. This gives a stringent constraint to the AN potential models.

As for the lOB experiment which is the base for the Fetisov's estimation (6 =

0.3 MeV) [4], contributions of other interactions are doubted for the reason of the

missing ,-ray if it is truly missing. We would like to repeat the lOB experiment to

check their result with the Hyperball, being a more efficient germanium detector

system.

6.2 B(E2) and hypernuclear size

The lifetime of the 5/2+ state was obtained to be 5.8~g:~ ± 0.7 ps. To convert

this lifetime into the B(E2;5/2+ ---7 1/2+) value using Equation 1.5, we have to

know the branching ratio of the E2(5/2+ ---7 1/2+) transition. There are two

other possible decays, namely, the 5/2+ ---7 3/2+ transition and the weak decay.

We take 3.8% from Ref. [30] as the branching ratio of the 5/2+ ---7 3/2+

transition. Branching ratio of the latter process is estimated to be 2.6%, by

assuming the partial decay rate of the weak decay to be (230 pst l from the data

of A = 4,5,11,12 hypernuclei [41, 42, 43, 44]. Thus the branching ratio of the

E2(5/2+ ---7 1/2+) transition is obtained as 93.6%.

Now the B(E2; 5/2+ ---7 1/2+) can be calculated using Equation 1.5, and the

result is obtained to be 3.6 ± 0.5~g:~ e2fm4
. The present result is significantly

smaller than the value of B(E2) = 8.6 ± 0.7 e2fm 4 expected when we don't take

into account the shrinking effect. Therefore, we conclude that the shrinking effect

is observed and that the glue-like role is verified experimentally. The present

result corresponds to a nuclear-size shrinkage of 19 ± 4% using Equation 1.4.

Table 6.2 shows the results of various calculations for the size of each state

of ILi and 6Li and for the B(E2) value of each transition. The shell model

calculation does not take into account the shrinking effect, and thus gives the

same result (B(E2) = 8.6 e2fm 4 ) as our estimation above. The cluster model

calculations show better agreement with the present result, but the shrinking

effect obtained in the present experiment is smaller than their calculations.

Millener Fetisov ND NF NSC89

6(keV) 489 4 4 490 494 494

100

SC97f JA JB

498 484 484
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Table 6.2; Sizes of the various states of 6Li and XLi calculated by (a): Hiyama

et al. (a(~He)-p-n cluster model) {29}, and (b): Motoba et al. (a-d-A cluster

model) {28}. Sizes are represented by the root-mean-square distance between a

and d(p-n). Reduced transition probabilities, B(E2), are also shown. Results

from (c): a shell model calculation (without shrinkage effect) by Dalitz and Gal

{2} and (d): experiment {31} are cited for reference.

(a) a(~He)-p-n (b) a-d (c) shell (d) expo
cluster model cluster model model

B(E2)[e2fm 4
] 9.96 6.6 11 10.9±0.9

6Li R,,-d(1 +)[fm] 3.85 3.80

R"-d(3+)[fm] 3.66
B(E2)[e2fm 4

] 2.42 2.5 8.6
XLi R"-d{l/2+)[fm] 2.94 3.13

R"-d(5/2+)[fm] 2.78 2.91

Conclusion

We have constructed a germanium detector system (Hyperball) for hypernuclear

study and have measured ")'-rays of XLi as the first experiment. We have succeeded

in observing two ")'-transitions of XLi. Those are the first observation of well

identified hypernuclear ")'-rays with germanium detectors. Those two peaks were

attributed to the Ml(3/2+ -t 1/2+) and E2(5/2+ -t 1/2+) transitions, of which

energies were measured to be 691.7 ± 0.6(statistical) ± 1.0(systematic) keV and

2050.4 ± O.4(statistical) ± 0.7(systematic) keV, respectively. Precision of those

energies renew the world record in hypernuclear experiments by more than one
order of magnitude.

The energy of the former transition gives direct information on the strength of

the AN spin-spin force. The present result is consistent with the spin-spin force

parameter (~ ~ 0.5 MeV) estimated from the four body hypernuclear data. The

strength of the AN spin-spin force is experimentally established.

We also have measured the lifetime of the 5/2+ state to be 5.8:g:~(statistical)±

0.7(systematic) ps by analyzing the peak shape of the E2(5/2+ -t 1/2+) tran

sition. This corresponds to a B(E2; 5/2+ -t 1/2+) value of 3.6 ± 0.5:g:~ e2fm\

which gives a clear indication of the shrinkage of XLi and thus the glue-like role
of A is experimentally confirmed.

With those results, we have proven the usefulness of the ")'-ray spectroscopy

in studying hypernuclei. This experiment tells a coming of a new era of the

hypernuclear physics with high-precision spectroscopy.

We are planning to continue the ")'-ray spectroscopy experiments using the

Hyperball. Our purpose in near future is to determine the strength of all the AN

spin-dependent interactions. In fact, an experiment to determine the strength

103
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of the spin-orbit interaction (VA, SA) using ~Be hypernucleus has been already

carried out at B L, and we are now analyzing the data. We are waiting for the

next beamtime of B L-AGS to complete our study.

In future, we are planning to investigate more hypernuclear physics. For ex

ample, "(-ray spectroscopy of mirror hypernuclei will enable us to study the charge

symmetry breaking of the AN interaction. By measuring the E(M1) values, we

can study the effects of meson currents in hypernuclei. "(-ray spectroscopy of

double-A hypernuclei is more challenging, but surely interesting because we can

study the AA interaction.
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Figure A.l: The incident pion momentum dependence of the cross section of the

elementary 1r+n ---t [(+ A process at several reaction angles (Blab = 0°,5°,10°,15°)

{32J.

incident pion momentum (GeVIc)

Appendix A

The (7r+ ,K+) reaction

A.I General features of the (7[+, K+) reaction

The characteristics of the (1r+, [(+) reaction is determined mostly by the charac

teristics of its elementary 1r+n ---t [(+ A process. This process is well known from

the experimental data on the charge conjugate 1r-P ---t [(0A process.

Figure A.1 shows the dependence of the cross section on the incident pion

momentum for the elementary 1r+n ---t [(+ A process [32). We can see that the

elementary cross section reaches maximum at P,,+ ~ 1.05 GeV Ic. This is the

reason why most of the (1r+, [(+) experiments are carried out at this incident

momentum.

The (1r+, [(+) reaction is also characterized by its momentum transfer which is

comparable to or larger than the nuclear fermi momentum. Figure A.2 shows the

momentum transfer of the 7Li(1r+ ,J(+)XLi(g.s.) and the n(1r+,J( )A reactions.

Because of this large momentum transfer, stretched hypernuclear states with large

orbital angular momentum transfers are favorably populated in the (1r+, [(+)

reaction.

The spin-flip and spin-nonflip amplitudes of the (1r+, [(+) reaction were ob

tained from the reanalysis of the experimental data on the 1r-P ---t [(oA reaction

by Sotona and Zofka [45). They showed that the spin-nonflip A production is

favored than the spin-flip production for the incident momentum of P.+ ~ 1.05

GeV Ic and the laboratory reaction angles of Blab::; 20°, as shown in Table A.1.

This feature gives a selectivity that the spin-nonflip states have larger produc

tion cross sections than spin-flip states in the hypernuclear production via the

(1r+,1\'+) reaction.
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109A.2. THE 7LI(7T+,J( ) REACTION

A.2

Blob 0° 5° 10° 15° 20°

1/12 1.056 1.022 0.928 0.793 0.641

191 2 0,000 0.033 0.115 0.213 0.296

Table A,I: The elementary spin-nonflip (J) and spin-flip (9) amplitudes of the

7T+n --+ K+ A process as a function o[ the reaction angle (Blob) at p~+ = 1.04

GeV/c. See Ref {45, 32} for the definition of the I, 9 amplitudes.

The cross sections of the 7Li(7T+ ,1(+) reaction for the five low-lying states or:~ Li

(1/2+,3/2+,5/2+,7/2+,1/2+(T = 1), see Figure 1.3) are calculated by Hiyama

et al. with distorted wave impulse approximation (DWIA) [30]. Table A.2 shows

the calculated cross sections of those states integrated over Blob = 0-15°, which

approximately covers the SKS acceptance,

APPENDLX A. THE (7T+, J(+) REACTION

n(TT',K')A
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Table A,2: Calculated cross sections of the 7Li( 7T+ ,1(+) reaction at p~+ = 1.05

GeV/c [or the low-lying states of~Li {3D]' Values integrated over Blob = 0-15°

are shown in the unit of J1-b,

n(TT',K-)A
(J" (J1-b) 1.21 0,13 1.23 0.08 0,60
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As we can see from the table, the cross sections of the 3/2+ and 7/2+ states

are by a order of magnitude smaller than that of their partner (1/2+,5/2+). This

is because of the spin selectivity of the (7T+, J(+) reaction described above. Since

all the spins of the valence nucleons (a proton and a neutron) and the A particle

are parallel in those states, spin-flip A production is necessary to produce them

from the ground state of 7Li. It is noted that all those states can be produced

with the same orbital angular momentum transfer, !'>L = 1 and that the selection

rule about orbital angular momentum transfer gives no selectivity for them.

Figure A.2: Momentum transfer of the (7T+, J(+) reactions; (Up): Momentum

transfer as functions of the incident 7T+ momentum at zero laboratory reaction

angle. (Down): Momentum transfer as functiolls of the reaction angle at p~+ =

1.05 GeV/c.



Appendix B

Spin sequence of the doublets In

ILi

Throughout this thesis, we assumed the 3/2+ (7/2+) state is the upper part of

the ground (first excited) state doublet'. We have been expecting this is the case

because;

1. As shown in Table B.1, aU the known spins of the hypernuclear ground

states can be reproduced by assuming a rule that the state with smaller

spin is the lower state of a doublet. This rule can be easily explained if

we take the t;,. parameter to be a positive value and neglect all the other

parameters. Therefore, we can expect the 1/2+ (5/2+) state is the lower

state of the ground (first excited) state doublet in ~Li.

Table B.1: The spins of the hypernuclear ground states known so far.

III

other hand, the binding energy of the ground state of ~Li is known to be

5.58 ± 0.03 MeV from the experiments using emulsions [36J. Those two

results give the same binding energy within the experimental errors, and

thus are consistent with the present assumption. If we reverse the spin

sequence keeping the absolute value of the energy difference (690 keV), the

binding energy of the ground state (3/2+) becomes 6.3 ± 0.1 ± 0.2 MeV

from the former result. This is not consistent with the latter experimental

result by more than two standard deviation.

Furthermore, the assumption can also be justified from the present experi

mental result as;

1. If we allow the case in which the 1/2+ (5/2+) state is located above the

3/2+ (7/2+) state, M1{1/2+ -+ 3/2+) and M1(5/2+ -+ 7/2+) should also

be taken as candidates for the 690 keV peak. Providing the peak is assigned

to the M1{1/2+ -+ 3/2+) transition, the expected yield is 361 counts from

the yield of the 1/2+ state in Table 3.1. This is too large compared to the

present experimental result. The M1{5/2+ -+ 7/2+) transition also can

be ruled out by the same reason and by the discussion used to deny the

possibility of the M1{5/2+ -+ 3/2+) transition in Section 5.1.

2. The yield of the 429 keV ,-ray emitted from the first excited state of 7Be

produced by the weak decay of ~Li (XLi -+7 Be' + ".-) in the present

experiment is consistent with a theoretical calculation by Motoba et al.

[52] if we take the assumption [53J. On the other hand, if we assume the

ground state is 3/2+, the obtained yield is one order of magnitude larger

than their calculation. This gives the strongest evidence for the assumption

since the elementary processes for mesonic weak decay are well known and

thus uncertainties in theoretical calculations are small.

core j' j'

AH 1/2+(3H) 0+

~Li 3/2-CLi) 1-

lIB 3+COB) 5/2+

l2B 3/2-C I B) 1-

reference

[46J

[47,48,49]

[50]

[51]

2. In Ref. [35], the binding energy of the 1/2+ state was obtained to be

-BA = 5.6 ± 0.1 ± 0.2 MeV by using the 7Li(".+,J(+) reaction. On the

IThis implies the sign of the ~ parameter is positive.
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