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Abstract

This dissertation presents the result of the KEK-E566 experiment, which was

performed at KEK-PS K6 beam line in 2005. The main purpose of the present ex-

periment is to investigate the spin-dependent ΛN interactions by γ-ray spectroscopy

technique.

In the KEK-E566 experiment, 12C(π+, K+)12Λ C reaction was employed to pop-

ulate the 12
Λ C and 11

Λ B hypernuclei. A germanium detector array, Hyperball2, was used

in conjunction with the magnetic spectrometer system in the K6 beam line to detect the

γ rays emitted from the populated hypernucleus. Totally six γ-ray peaks were confirmed

to be emitted from the hypernucleus as:

11
Λ B : M1(

7
2

+

→ 5
2

+

) Eγ = 262.9± 0.2+0.4
−0.0 keV,

11
Λ B : E2(

1
2

+

→ 5
2

+

) Eγ = 1482.9± 0.4± 0.2 keV,

11
Λ B : M1(

3
2

+

→ 1
2

+

) Eγ = 503.9± 0.7± 0.2 keV,

12
Λ C : M1(1−2 → 2−1 ) Eγ = 2670.2± 2.6± 0.3 keV,

12
Λ C : M1(1−2 → 1−1 ) Eγ = 2833.9± 5.6± 0.3 keV,

12
Λ C : M1(2−1 → 1−1 ) Eγ = 161.4± 0.7± 0.3 keV.

Based on these results, the spin-spin interaction term, ∆, was derived from

the ground state doublet spacing of 12
Λ C and 11

Λ B to be ∼0.33 MeV. The nucleon spin-

dependent spin-orbit interaction, SN , was determined to be SN ∼ −0.9 MeV. The SN

obtained this way is in a large deviation from the previous result (SN ∼ −0.4 MeV).

It seems that a more sophisticated shell model calculation is necessary to understand

this difference. In this dissertation, the lifetime of Λ spin-flip M1 transition, 11
Λ B :

M1(7
2

+ → 5
2

+), was employed to derive the g-factor for the Λ hyperon inside the 10B

nuclear medium to be gΛ > −1.76 [µ2].
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Chapter 1

Introduction

1.1 Hypernuclear physics and ΛN interaction

The main task of hypernuclear physics is to achieve a unified description of

the baryon-baryon interaction. Hypernuclear physics expands the domain of nuclear

physics by including the hyperons, which contain strange quarks, into considerations.

The hadrons studied in hypernuclear physics can be classified according to the flavor

SU(3) symmetry. This dissertation will focus on the Λ hyperon-nucleon (ΛN) interaction.

Thus it is sufficient to consider the octet section in the SU(3) symmetry, as shown in

Fig. 1.1.

In the quark level, a gauge theory for the quark-gluon interaction, quantum

chromodynamics (QCD), has been developed. However, the QCD can not be calculated

by the perturbation expansion in the energy region of hypernuclear (or nuclear) physics

because the coupling constant is larger than one. At the same time, the interaction

between the gluons makes the QCD highly non-linear. Thus the ab initio calculation

of baryon structure and baryon-baryon interactions starting from the QCD is still un-

practical, though the pioneering efforts through numerical calculations show a promising
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future [1]. As an approximation to the QCD at low energy, baryon-baryon interaction

models based on the constituent quark model, together with the meson-exchange inter-

action, serve as the main tool for the theoretical study of hypernuclear physics. Many

realistic hyperon-nucleon (and nucleon-nucleon) interaction models, such as the series

of Nijmegen soft-core models, have been developed within this frame work. In this

dissertation, the constituent quark model also forms a basis of discussion.
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Figure 1.1: Particle classification according to the SU(3) symmetry.

Historically, the conservation of strangeness and isospin quantum number in

the strong interaction has motivated the eightfold way description of the spin 1/2 baryons

and results in the proposal for the existence of quarks [2]. By assuming that the strong

interaction is independent of the quark flavor (exact flavor SU(3) symmetry), the cou-

pling constants describing the strength of the octet baryon-baryon interaction through

the meson nonet can be fully determined by four parameters [3]. These parameters

can be fixed by the nucleon-nucleon scattering data. An example can be found in [4].

However, the flavor SU(3) symmetry, which is the basis of this approach, is known to

be broken up to 20%. Thus it is hard to give an accurate description for the baryon-

baryon interaction in this way. Further information, especially experimental data from
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the direct hyperon-nucleon interaction, is indispensable. This dissertation is devoted to

the experimental investigation of spin-dependent ΛN interactions.

Figure 1.2: Schematic view of Λ-Nucleon (ΛN) interactions [5].

Some typical meson exchange modes for ΛN interaction are shown in Fig. 1.2.

Because of isospin conservation, one-pion exchange is forbidden in the ΛN interaction.

Thus the most probable meson mediating the ΛN interaction is kaon. Another conse-

quence of this one-pion exchange prohibition is the importance of the contribution from

two-pion exchange. The two-pion exchange process necessarily results in the ΛN-ΣN

coupling (ΛΣ coupling), which is proposed by Gibson to explain the A=4 hypernuclear

binding energy [6]. The left most of this figure shows the two-body two-pion exchange,

which can be normalized into the two-body ΛN interaction. The right most diagram of

Fig. 1.2 illustrates the ΛNN three-body interaction from the ΛΣ coupling. The three-

body interaction, which also evokes interests in ordinary nuclear physics research, plays

more important role in hypernuclear physics [7]. A more detailed discussion about

the three-body interaction and its effects in hypernuclear physics will be given in the

following sections.

Because of the difficulty of providing a low-energy hyperon beam, the knowl-
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edge of ΛN interaction comes mainly from study of hypernuclear structure. In order to

study the structure of hypernuclei, the free space ΛN interaction has to be expressed

in a way including the effects from nuclear medium. As an analogy to nuclear physics,

a G-matrix calculation for the ΛN interaction can be performed. As a matter of fact,

the G-matrix calculation for the ΛN interaction is more plausible compared to the NN

case because of the weakness of the ΛN interaction. A widely used model based on the

SU(3) broken meson exchange model, Nijmengen Soft Core (NS) model, simulates the

ΛN interaction in free space through adjustable parameters. The result of ΛN potential

obtained from G-matrix calculation based on the NS and expressed in terms of Gaus-

sians is called YNG interactions. Then the YNG interaction can be used to calculate

the structure of hypernuclei in the shell model or cluster model.

In a pure phenomenological way, the two-body ΛN interaction can be written,

on the analogy of the Hamada-Johnston potential, [8]:

VΛN(r) = V0(r) + Vσ(r)sN · sΛ+VΛ(r)lNΛ · sΛ + VN (r)lNΛ · sN

+ VT (r)

{
3(σΛ · r)(σN · r)

r2
− σΛ · σN

}
,

(1.1)

where r means the relative distance between a Λ and a nucleon and lNΛ stands for the

relative orbital angular momentum. The sN and sΛ are the spin angular momentum

operators of the nucleon and the Λ , respectively. When we consider low-lying levels of

p-shell hypernuclei1, the effective interaction between a Λ in the s-orbit and a nucleon in

the p-orbit is important. In this case, level energies are described by five radial integrals

corresponding to each of these five terms in Eq. 1.1. The radial integrals of these five

terms are introduced as parameters and denoted by V̄ ,∆, SΛ, SN, T respectively. For

example, ∆ =
∫

φ∗ΛN (r)Vσ(r)φΛN (r)r2dr, where φΛN (r) is the radial part of the relative

wave function between a Λ in the s-orbit and a nucleon in the p-orbit. The first term
1The p-shell hypernuclei have nucleons that fill up to p-orbit.
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in this expression is adjusted to fit the ground state binding energy data of various

hypernuclei. These interaction parameters can be theoretically studied by shell model

calculations based on the YNG interaction [9]. With this phenomenological description,

the strength of the ΛN interaction can be reflected directly by the hypernuclear level

energies. A schematic illustration is given in the Fig. 1.3. This correspondence also

provides a chance for the experimental study of the spin-dependent ΛN interaction

through high precision hypernuclear γ-ray spectroscopy experiments. The ∆Ecore in

Fig. 1.3 represents the core excitation and the new hypernuclear doublet states are

originated from the coupling between the angular momentum of the nuclear core and

the spin of the Λ hyperon, which is also known as the hypernuclear fine structure. This

dissertation is devoted to one of these experiments. The relation between the interaction

parameters and the hypernucler level energies shown in Fig. 1.3 is derived in Appendix

A.

EcoreD SN

core

coreL

L
core

SL, TD,

J J 1 2= + /c

J J 1 2= - /c

gg g

Figure 1.3: Hypernuclear fine structure and the spin-dependent ΛN interactions.

As an extension of ordinary nuclear physics, the study of high precision hy-

pernuclear γ-ray spectroscopy revealed new phenomena. For example, the shrinkage of

the size of 6Li nucleus occurs when a Λ hyperon is added into it [10]. Another example
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is the discovery of a large strength of the asymmetric spin-orbit ΛN interaction (ALS)

which does not exist in the nucleon-nucleon interactions [11][12].
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1.2 The production of hypernuclei

There are mainly three reactions used for hyperon production in hypernuclear

experiments: n(K−, π−)Λ, n(π+, K+)Λ and p(e, e
′
K+)Λ as schematically shown in

Fig. 1.4, Fig. 1.5 and Fig. 1.6, respectively. Other isospin channels are difficult to detect

due to the neutrality of the outgoing particles2. The n(K−, π−)Λ reaction is known

as the strangeness exchange reaction and the other channels are classified as associated

production reactions.
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Figure 1.4: Strangeness exchange reaction.
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Figure 1.5: Associated strangeness production.
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Figure 1.6: Electromagnetic strangeness production.

The kinematic relations of these three reactions are shown in Fig.1.7. The
2 A recent experiment aiming to measure the cross section of n(γ, K0)Λ reaction has been carried

out at Tohoku University, Japan [13].
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Λ hyperon produced by the (K−, π−) reaction with the K− beam momentum about

0.5 GeV/c has almost zero recoil momentum. The K− momentum is also known as the

magic momentum. Thus, in the n(K−, π−)Λ reaction, the Λ hyperon is usually produced

in the same orbit as the neutron participating in the reaction. Such hupernuclear states

are called substitutional states. A large hyperon recoil momentum is given for the

other two reactions regardless of the beam momentum. Stretched states are preferred

than substitutional states in these reactions [14]. A theoretical calculation for the cross

sections in all the three reactions is shown in Fig.1.8. The difference mainly results

from the kinematic property of these reactions. In the present experiment (KEK-E566),

the (π+, K+) reaction was used with the 1.05 GeV/c π+ beam at the KEK Proton

Synchrotron.

Figure 1.7: Recoil momentum of generated hyperon v.s. projectile particle momentum.
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Figure 1.8: Comparison of the calculated excitation function for hypernuclei to be ob-

served in the n(K−, π−)Λ, n(π+, K+)Λ and p(e, e
′
K+)Λ reactions on 12C target, which

is taken from [15].
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1.3 The development of hypernuclear spectroscopy exper-

iments

1.3.1 A general view

It is fifty years since the first discovery of the Λ hyperon [16]. According to

experimental methods, there are mainly three phases during the development of hyper-

nuclear physics. The first one is 1950s∼1970s, when the data was mainly from emulsion

experiments. The emulsion experiments detect weak decay products (π− and/or proton)

from the hypernuclei to identify the production of the hyperon. The binding energies

of the ground states for various light hypernuclei ( A<15 ) have been obtained by this

method, which showed that the nuclear potential depth for a Λ is about two thirds

of that for a nucleon [17]. The second phase is 1970s∼1990s. The meson beams were

used in the counter experiments at CERN-PS, BNL-AGS(USA) and KEK-PS(Japan).

Various beam-target combinations have been used and the Λ hyperon energy levels for

different orbits have been measured. For example, the spectroscopy from n(K−, π−)Λ

(strangeness exchange) and n(π+, K+)Λ (associated production) experiments have re-

vealed the single particle level structure of Λ hyperon inside a nuclear potential. An

important fact became well known since then is that the Λ hyperon can be used as a

probe to investigate the nuclear potential deep inside the nuclear medium as shown in

Fig. 1.9. The fitted lines are calculated by assuming a Woods-Saxon form potential of

30 MeV depth [18].

Apart from these successes, the main shortage for the counter experiments is

their limited energy resolution due to a large momentum dispersion of the secondary

meson beams. For example, the best energy resolution achieved in hypernuclear reaction

spectroscopy experiment with the meson beams is 1.45 MeV (FWHM) [19]. To disclose
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the hypernuclear fine structure caused by the spin-dependent ΛN interaction, high res-

olution measurement is necessary. The third generation of hypernuclear experiments

aiming at a good energy resolution has been carried out since the late 1990s. These

high resolution experiments have became possible through γ-ray spectroscopy method

at KEK and BNL or electromagnetic production reaction at TJNAF.

Figure 1.9: Mass number dependence of a Λ hyperon binding energy in various orbits

of Λ hypernuclei. Taken from [15].

As a new development of the experimental hypernuclear physics, heavy ion

hypernuclear production will be studied at GSI in Germany near future [20]. Studies

of multi-strangness hypernuclear systems and a systematic γ-ray spectroscopy study of

hypernuclei will also be carried out at J-PARC facility [21][22]. Feasibility investigation

of a direct hyperon-nucleon scattering experiment with an active target is also under

way [23]. A recent review of the experimental aspects of hypernuclear physics can be

found in Ref. [15].
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1.3.2 The development of hypernuclear γ-ray spectroscopy experiments

The first hypernuclear γ-ray spectroscopy experiment employed the stopped

K− reaction on 7Li and 6Li targets. The γ rays from the hyperfragments (4ΛH and

4
ΛHe) were detected by NaI counters. The current hypernuclear γ-ray spectroscopy

experiments employ the same setup as the reaction spectroscopy experiments but with

the addition of a γ-ray detection system. This combination increases the spin-assignment

ability for hypernuclear γ-ray transitions. The basic idea is to measure a γ-ray spectrum

as a function of the hypernuclear excitation energy (the missing mass or the Λ binding

energy). In this way, the hypernuclear fine structure that can not be resolved by the

reaction spectroscopy experiment has been disclosed. It also provides experimental

information for the spin-dependent ΛN interactions.

The hypernuclear fine structure, which is caused by the spin-dependent ΛN

interaction, has a level splitting of the order of a few tens keV. The application of germa-

nium (Ge) detectors having unparalleled energy resolution is indispensable for resolving

the hypernuclear fine structure. For this reason, a large acceptance Ge detector array,

which is named Hyperball, was constructed in 1998. There are three generations of Hy-

perball apparatus known as Hyperball, Hyperball2 and Hyperball-J. The Hyperball-J is

still under construction for J-PARC experiments. The result described in this disserta-

tion was obtained by Hyperball2 apparatus, which is the upgraded version of Hyperball.

The details of Hyperball2 and the data analysis will be given in the following chapters.

A series of hypernuclear γ-ray spectroscopy experiments have been performed with the

Hyperball and Hyperball2 apparatus. The main motivation of those experiments is to

determine the ΛN spin-dependent interaction parameters (∆, SΛ, SN, T ). The impor-

tant results will be introduced in the next section. A list of important experiments on
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hypernuclear γ-ray spectroscopy is given in Table 1.1.
Table 1.1: The list of hypernuclear γ-ray spectroscopy experiments. Updated from [15].

Experiment Date Detector Target/Reaction Observed transitions Ref.

CERN 1971 NaI 6Li 7Li(K−
stop, γ) 4

ΛH and/or 4
ΛHe(1+→0+) [24][25]

CERN 1976 NaI 6Li 7Li(K−
stop, γπ−) 4

ΛH(1+→0+) [26]

CERN 1979 NaI 6Li 7Li(K−
stop, γπ0) 4

ΛHe(1+→0+) [27]

BNL E760 1987 NaI 7Li 9Be(K−, π−γ) 7
ΛLi(5/2+→1/2+), [28]

9
ΛBe(5/2+, 3/2+→1/2+),

can not resolve them as

two peaks

BNL E781 1997 NaI 13C(K−, π−γ) 13
Λ C(1/2−→1/2+), [29]

KEK E419 1998 Ge(Hyperball) 7Li(π+, K+γ) 7
ΛLi(3/2+→1/2+, [30][10]

5/2+→1/2+,

1/2+(T=1)→1/2+,

1/2+(T=1)→3/2+)

BNL E929 2000 NaI 13C(K−, π−γ) 13
Λ C(1/2−→1/2+), [31][32]

3/2−→1/2+,

3/2+→1/2+)

BNL E930(’98) 2002 Ge(Hyperball) 9Be(K−, π−γ) 9
ΛBe(3/2+→1/2+, [33]

5/2+→1/2+)

BNL E930(’01) 2004 Ge(Hyperball) 16O(K−, π−γ) 16
Λ O(2−→1−1 , [34][35]

1−2 →1−1 ,

1−2 →0−)

15
Λ N(3/2+

2→1/2+;1,

1/2+;1→3/2+
1 ,

1/2+
2→1/2+;1)

10B(K−, π−γ) 7
ΛLi(7/2+→5/2+,etc) [36]

γ rays from 9
ΛBe

KEK E509 2004 Ge(Hyperball) 10B, 11B, etc. γ rays from many [37][38]

(K−
stop, γ) hyperfragments,

KEK E518 2004 Ge(Hyperball) 11B(π+, K+γ) 11
Λ B(1/2+→5/2+) [39][40]
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1.4 Previous results of hypernuclear γ-ray spectroscopy

experiments

In Fig. 1.10, experimental results from the previous Hyperball experiments are

given schematically.

Figure 1.10: Results from the previous Hyperball experiments. Updated from [15].
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As illustrated in Appendix A, we can relate the hypernuclear level energies with

the interaction parameters through results of shell model calculations. A discussion of

the determination of each parameter is given as follows.

The determination of ∆ and SN from 7
ΛLi

Before the Hyperball experiment, the spin-spin interaction strength (∆) was estimated

from the A=4 hypernuclei (4ΛH and 4
ΛHe). The parameter ∆ obtained this way was

about 0.5 MeV. The ambiguity caused by the contribution of the ΛΣ coupling makes

it difficult to draw a definite conclusion on the numerical value of ∆ from the s-shell

hypernuclei [6]. The 7
ΛLi hypernucleus is ideal for studying the spin-spin interaction

because the ground state of 6Li (1+) is almost a pure S = 1, L = 0 and T=0 state. The

ground state splitting energy of 7
ΛLi due to the Λ hyperon spin orientation is dominated

by the spin-spin interaction (∆) term. As can be read from Appendix A, if the ground

state of 6Li is in a pure S = 1, L=0 state, all the coefficients in front of the interaction

parameters will be zero except the ∆ term. The ΛΣ coupling effect is also minimized

because these 7
ΛLi states are isospin singlet. By combining the results from KEK-E419

and BNL-E930(’01), a precisely measured level scheme of 7
ΛLi has been obtained as

schematically shown in Fig. 1.10 [30]. A realistic shell model calculation by Millener

shows that [9]

E(3/2+)− E(1/2+) = 1.461∆ + 0.038SΛ + 0.011SN − 0.285T + 0.072 MeV (Millener)

= 0.692 MeV (exp.),

where the value (0.072 MeV) in the last term is estimated by Millener for the ΛN-ΣN

coupling effects. By assuming a calculated value of T as 0.030 MeV and a negligiblly

small SΛ value, we may derive ∆ ∼ 0.424 MeV from the experimental data of E(3/2+)−

E(1/2+) = 0.692 MeV.

As shown in Appendix A, the SN term can be best determined by taking
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the center of gravity of (7/5+, 5/2+) and (3/2+, 1/2+) doublets because all the other

interaction terms that explicitly depend on the hyperon spin operator are canceled out.

The SN value can be obtained in this ways [9]

E(7/2+, 5/2+)− E(3/2+, 1/2+) = E(6Li:3+)− E(6Li:1+)

− 0.054∆ + 0.070SΛ − 0.742SN − 0.047T MeV (Millener)

= 1.858 MeV (exp.),

(1.2)

where E(J1, J2) = [(2J1 + 1)E(J1) + (2J2 + 1)E(J2)]/(2J1 + 2J2 + 2). The numerical

value of SN was obtained to be −0.411 MeV.

The determination of the ΛN spin-dependent spin-orbit interaction strength

SΛ from 9
ΛBe

The first excited state (2+) of 8Be core has almost a pure S=0, L=2 configuration. The

spacing of this doublet (3/2+, 5/2+) caused by the Λ hyperon spin is thus governed by the

SΛ term. The energy spacing between 3
2

+ and 5
2

+ is measured by the energy difference

between the two E2 transitions as shown in Fig. 1.10 [33]. The spin assignment of 9
ΛBe

was achieved by combining the result from BNL-E930(’98) and BNL-E930(’01) [36].

This energy spacing, in terms of the effective interaction parameters, can be written as

[9]

E(3/2+)− E(5/2+) = 0.033∆− 2.467SΛ + 0.000SN + 0.940T − 0.008 MeV (Millener)

= 0.043 MeV (exp.),

where the value in the last term (−0.008 MeV)is estimated by Millener for the ΛN-ΣN

coupling effects. We may then determine the value of SΛ which is dominant in the

energy difference of those two E2 transitions. The obtained value of SΛ is ∼ −0.015

MeV by taking T = 0.03 MeV. This result is also consistent with the 13
Λ C data in [31].

The determination of the tensor interaction T from 16
Λ O
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The determination of the T value was achieved by the observation of 16
Λ O γ rays as shown

in Fig. 1.10 because the doublet spacings of the p1/2-shell hypernuclei are sensitive to

the tensor interaction strength T . According to the shell model calculation, the 16
Λ O

ground state doublet spacing, which was experimentally obtained from the difference of

the two M1 transitions, can be expressed as [9]

E(1−)− E(0−) = −0.380∆ + 1.376SΛ − 0.004SN + 7.858T − 0.03 MeV (Millener)

= 0.026 MeV (exp.),

where the value in the last term (−0.03 MeV) is estimated by Millener for the ΛN-ΣN

coupling effects and a small 1− mixing effects up to 16 keV. The extracted T value is

∼ 0.03 MeV.

More sophisticated calculation of the interaction parameters

In the above demonstrations, a set of interaction parameters from theoretical estimation

has been used, which has then been determined by the experiments in turn. On the other

hand, the size and the wave function of the p-shell hypernuclei vary with the nucleon

number. Thus a dependence of the interaction parameters on the nucleon number is

expected. Table 1.2 gives the values of the interaction parameters for several hypernuclei

,which were calculated by Millener based on the experimental data for 7
ΛLi, 9

ΛBe and 16
Λ O

[41].

Inconsistency in the parametrization

The interaction parameters obtained from the above procedure can reproduce many p-

shell hypernuclear experimental results. For example, the 7
ΛLi(7

2

+, 5
2

+) spacing of 471

keV is well explained by these parameters [42]. However, the current phenomenological

description of hypernuclear structure may not be complete. In fact, some evidences have

already appeared. The most cited one is 10
Λ B hypernucleus, which is also known as 10

Λ B

puzzle (see Sect. 1.5.1). It has been pointed out that the ΛNN three-body interaction
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Table 1.2: The ΛN effective interaction parameters derived for several hypernuclei by

Millener [41].

∆ [MeV] SN [MeV] SΛ [MeV] T [MeV]

7
ΛLi 0.48 −0.40 −0.01 0.030
8
ΛLi 0.459 −0.433 −0.011 0.027
9
ΛBe 0.557 −0.549 −0.013 0.029
10
Λ B 0.458 −0.428 −0.01 0.027
11
Λ B 0.488 −0.437 −0.01 0.030
12
Λ C 0.495 −0.507 −0.012 0.025
13
Λ C 0.532 −0.545 −0.013 0.027

15
Λ N, 16

Λ O 0.468 −0.429 −0.011 0.023

could be a possible solution to this puzzle. The result of 11
Λ B from a recent experiment

(KEK-E518) determines an interaction parameter (SN ) with a large deviation from the

previous ones. The main results of KEK-E518 are briefly outlined in Appendix D.

1.5 Motivation of this dissertation

In the KEK-E566 experiment, 12C(π+, K+)12Λ C/11
Λ B+p reaction was employed

to populate 12
Λ C and 11

Λ B hypernuclei. Because of the large momentum transfer (∼350

MeV/c) of n(π+, K+)Λ reaction, many hypernuclear states could be produced, as shown

in Fig. 1.7 and Fig. 1.8. Thus various electromagnetic transitions can be studied in the

same experiment [43].

The populated hypernuclear states can be viewed in the missing mass spectrum

(as the excitation function), which has been measured in previous reaction spectroscopy

experiments at KEK [44][45]. The result for 12
Λ C is plotted in Fig. 1.11, where the

level energies and cross sections calculated by Itonaga et al. are shown [46][19]. The

calculated branching ratios for the corresponding EM transitions by Millener are also
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given in Fig. 1.11 [41]. The method to estimate the branching ratio of certain EM

transitions is introduced in Appendix B. The missing mass spectrum is related to the

level scheme as follows: the first dominant peak (#1) in the left side of the spectrum

corresponds to the ground state doublets (Λ in s-orbit) in the 12
Λ C level scheme (1−1 and

2−1 ) where the non-spin-flip 1−1 state is dominantly produced over the spin-flip 2−1 state;

the second dominant peak (#5) has contributions from several states with a Λ in the

p-orbit coupling to the nuclear core 12C(3/2−). The 11
Λ B hypernucleus can be produced

from #5 peak via one proton emission. Other peaks in the 12
Λ C hypernucleus binding

energy spectrum are from the 11C core excited states coupled with the Λ hyperon (sΛ

or pΛ), whose correspondence is given schematically in Fig. 1.11. The doublet states

due to the spin-dependent interaction cannot be resolved in the missing mass spectrum

because of the limited energy resolution. By selecting specific states in the missing mass

spectrum, the hypernuclear γ rays from transitions of interest can be obtained, from

which the spin-dependent interactions can be studied quantitatively.

The data from the present experiment is very important to test the universality

of the parameters derived in the last section. As mentioned in the last section, the

inconsistency of the interaction parameters for 10
Λ B and 11

Λ B hypernuclei need to be

clarified by more experimental data from p-shell hypernuclei. Besides this motivation,

the physics interests of the present experiment can be specified into four topics:

I, Study the effects of the ΛNN three-body interaction;

II, Measure the g-factor of the Λ hyperon inside the nuclear medium;

III, Determine the ground state spin of 12
Λ C hypernucleus;

IV, Facilitate the spin assignment of 11
Λ B hypernucleus.

The following subsections are devoted to their detailed discussions.
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Figure 1.11: 12
Λ C energy levels observed in KEK-E369 [44]. Possible γ rays that can

be observed are marked in colored lines. The branching ratio for the EM transitions

calculated by Millener is also given.

1.5.1 To Study the ΛNN three-body Interaction

Most of the hypernuclear energy levels measured so far are well reproduced by

the experimentally derived interaction parameters. However, exceptions are also found.

A well-known one is called the 10
Λ B puzzle. The origin of this puzzle can be traced

back to the first attempt of measuring hypernuclear γ rays with germanium detectors

at BNL [47]. In that experiment, the effort to detect the γ rays emitted from the

ground state doublet transition (10Λ B (2−→1−)) failed. Later, another experiment with

Hyperball carried out at BNL(BNL-E930(’01)), which accumulated more statistics, did

not observe the expected γ rays either. Based on these experiments, an upper limit of

the ground state doublet spacing was determined to be 100 keV. On the other hand,



1.5. MOTIVATION OF THIS DISSERTATION 21

theory predicts

10
Λ B : E(2−)− E(1−) = 0.578∆ + 1.41SΛ + 0.013SN − 1.07T (Millener)

= 190 keV (Millener).

There are several possible explanations to the disagreement, such as inaccuracy in the

core wave functions or the effect of the ΛNN three-body force. The ΛNN three-body

force was first introduced to explain the energy levels in s-shell hypernuclei3. As early as

1970s, Gibson adopted an explicit form of ΛΣ coupling in the A=4 hypernuclear wave

function in order to explain the binding energy problem [6]. Later on, Akaishi et al.

showed that by using Gibson’s wave function and including ΛNN three body interaction,

all the bound states of 3
ΛH, 4

ΛH (4ΛHe) and 5
ΛHe can be explained within the Nijmegen’s

baryon-baryon interaction models [48]4. But the three-body interaction effect on p-shell

hypernuclei is still unknown. If the energy shift due to the three-body force, denoted by

ΛΣ, is included in the calculation, the 10
Λ B ground state doublet spacing becomes [9]

10
Λ B : E(2−)− E(1−) = 0.578∆ + 1.41SΛ + 0.013SN − 1.07T + ΛΣ

= 190 keV + ΛΣ (Millener)

(1.3)

If the ΛΣ term has a negative value, then the 10
Λ B spacing can be smaller and the ex-

perimental data could be explained. However, to verify this assumption, a hypernuclear

system in which the three-body effects can be clearly observed is in demand. The theory

shows that the ΛΣ term has opposite effects on 12
Λ C from 10

Λ B . Thus the ground state

doublet of 12
Λ C is expected to have an energy spacing

12
Λ C : E(2−)− E(1−) = 0.540∆ + 1.44SΛ + 0.046SN − 1.72T + ΛΣ

= 141 keV + ΛΣ (Millener)

(1.4)

and the positive ΛΣ term increases the splitting [9]. In another word, the energy spacing

of 12
Λ C ground state doublet should provide a direct test for this three-body interaction
3The s-shell hypernucleus has nucleons in the s-orbit.
4 Appendix E gives a detailed introduction to the relation between ΛNN interaction and ΛΣ coupling.
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effect on the p-shell hypernuclei. The ΛΣ effects on the p-shell hypernuclei have been

theoretically studied by Millener, where an explicit ΛΣ mixing in the Λ hyperon wave

function was used. The ΛΣ term was then calculated to be 58 keV and −15 keV for the

12
Λ C and 10

Λ B respectively.

1.5.2 To Measure the g-factor of Λ Hyperon inside Nuclear Medium

The g-factor of a Λ hyperon in free space has long been known to be

gΛ = −1.226± 0.008 [µN ].

But the gΛ value inside the nuclear medium may be different from this value. The

measurement of gΛ inside nuclear medium is interesting because it can tell us the baryon

medium effects and shed light on the understanding of the partial restoration of the chiral

symmetry. The gΛ is related to the Λ spin-flip transition probability. Measurement of

the B(M1) leads to determination of gΛ via the following expression (see Appendix B

for details),

B(M1) = (2Jup + 1)−1| < φlow|µ|φup > |2

= (2Jup + 1)−1| < φlow|gcoreJcore + gΛJΛ|φup > |2

= (2Jup + 1)−1| < φlow|gcoreJ + (gΛ − gcore)JΛ|φup > |2

=
3
8π

(2Jlow + 1)(2Jcore + 1)−1(gcore − gΛ)2 [µ2
N ],

where the φlow and φup stand for the wave functions of the ground state and excited

state, respectively. Jcore and JΛ are the total angular momentum operator of the nuclear

core and the Λ particle. gcore and gΛ are the g-factors for the Λ hyperon and the nuclear

core, respectively. This equation holds in the limit of weak coupling 5 between the Λ
5The validity of the weak coupling scheme is demonstrated in the case of 7

ΛLi by a shell model
calculation and also by a few-body calculation. A detailed discussion is presented in the last part of
Appendix B.
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and the core nucleus. If the branching ratio for the excited state going to the ground

state is 100 %, B(M1) can also be related to the lifetime τ as

1
τ

= 1.76× 1013 ·B(M1) · E3
γ [s−1], (1.5)

where the Eγ is the γ-ray energy (in MeV) corresponding to the Λ spin-flip transition.

To obtain gΛ, we only need to know τ and Eγ . Eγ can be measured with germanium

detectors, while τ may be obtained from the Doppler Shift Attenuation Method (DSAM),

which will be introduced in Chapter 3. In the present experiment, there is an ideal

transition for the DSAM, 11
Λ B(7/2+ → 5/2+), which is produced via the proton emission

from the pΛ states of 12
Λ C(2+). Another merit of the current experiment is that no other

γ-ray transitions are mixed when gating the fifth peak (#5) in Fig. 1.11 according to

the result of the previous Hyperball experiment (KEK-E518) [49].

1.5.3 To determine the ground state spin of 12
Λ C hypernucleus

The ground state spin of 12
Λ C has not been determined though the 1− is theo-

retically preferred and the ground state spin of 12
Λ B (the mirror hypernucleus of 12

Λ C) was

experimentally determined to be 1− [50]. The experimental result of the ground state

spin of 12
Λ C is important for studying the charge symmetry breaking effects between 12

Λ B

and 12
Λ C.

A large deviation between experiment and theoretical prediction has occurred

in a recent hypernuclear weak decay experiment (KEK-E508). The determination of the

ground state spin and the ground state doublet splitting of 12
Λ C is also of interest for the

clarification of that experiment.



24 CHAPTER 1. INTRODUCTION

1.5.4 To facilitate the state assignment of 11
Λ B hypernucleus

There are several hypernuclear γ-ray peaks observed in the KEK-E518 exper-

iment, as described in Appendix D. However, it is difficult to assign the states corre-

sponding to most of the observed transitions. In the present experiment, an upgraded

germanium detector array, Hyperball2, is used whose solid angle is doubled compared

with the original Hyperball. Thus the hypernuclear cascade EM decay measurement

becomes possible. This will enhance the ability of hypernuclear level assignment.
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Chapter 2

Experimental Setup

2.1 Outline

The KEK-E566 experiment was performed at National Laboratory for High

Energy Physics (KEK), Japan, with its secondary beam line (K6) from the 12 GeV

Proton Synchrotron (PS). The bird view of KEK and location of the KEK-E566 exper-

imental hall are shown in Fig. 2.1 and Fig. 2.2.

Figure 2.1: Bird view of the KEK institute.
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Figure 2.2: Location of the K6 beam line.

In the present experiment, the central momentum of π+ beam was set to be

1.05 GeV/c because the n(π+, K+)Λ reaction cross section has a sharp maximum at

this beam energy for scattered angle at 0o as shown in Fig. 2.3. The outgoing K+

mesons had a momentum around 0.75 GeV/c. The KEK-E566 experimental setup

mainly consisted of three parts: the incident particle spectrometer (the K6 beam line

including the beam line spectrometer), the scattered particle spectrometer (the SKS

spectrometer) and the γ-ray detection system (Hyperball2). The technical details will

be introduced in the following sections. The whole schematic view of the experimental

setup is shown in Fig. 2.4. The pion beam was transported to the target position with

the intensity of ∼3×106 s−1. The projectile particles were momentum analyzed by the

beam spectrometer and the scattered particles were identified and momentum analyzed
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by the SKS spectrometer through a event by event tracking in the off-line analysis.

In the KEK-E566 experiment, the main trigger mode was π+K+ trigger, in which an

incident π+ participated in a reaction and the outgoing particle was a K+. The data

taken by the Hyperball2 apparatus with this trigger were used to study the hypernuclear

γ-ray spectrum applied with proper cut conditions in the off-line analysis.

Figure 2.3: Cross section of the elementary process π N → Λ K as a function of the

projectile momentum. Taken from [14].
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Figure 2.4: Schematic view of the KEK-E566 experimental setup.
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2.2 Beam Line and Beam Line Spectrometer

2.2.1 K6 beam line

The primary proton beam was extracted for a period of 1.5 s in every 4.0

s synchronized to the KEK 12-GeV PS operation cycle. The secondary pions were

produced by the primary proton beam impinging on a production target (60 mm thick

platinum) located at the most upstream of the K6 beam line. The intensity of primary

protons on the production target was typically 1×1012/spill.

The K6 beam line is a general-purpose beam line that can supply various mass-

separated secondary beams in the momentum range from 0.5 GeV/c to 1.4 GeV/c [51].

The K6 beam line consists of two dipole magnets (D1, D2), ten quadruple magnets

(Q1-Q10), a sextuple magnet (SX), an electrostatic separator (DC separator) with two

correction magnets (CM1, CM2) and four slits. The slits are installed between D1 and

Q1 (acceptance slit), between Q2 and Q3 (intermediate focus slit), between SX and

Q5 (momentum slit) and between Q6 and Q7 (mass slit). The π+ beam intensity is

typically 3×106 for 1.05 GeV/c momentum.

2.2.2 Beam line spectrometer

Overview

The momentum distribution of the produced π+ beam was rather broad in ±3% from

the central momentum due to the characteristic of the secondary beam. To achieve

a good energy resolution, the momentum of π+ particles was measured particle by

particle with the end part of the K6 beam line which works as a spectrometer. As

shown in Fig. 2.5, the beam line spectrometer consists of a QQDQQ magnet system

with four sets of drift chambers (BDC1,2,3,4) and three sets of trigger counters. The
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trigger counters include a Freon-gas Čerenkov counter (eGC) and two sets of segmented

plastic scintillation counters (BH1,BH2). The beam spectrometer has a momentum

resolution of 0.1 % (FWHM) at 1 GeV/c [45]. A third-order transportation matrix

was used for the momentum reconstruction. To reduce the multiple scattering during

the transportation, the beam pipe in the QQDQQ system was kept in vacuum with a

Kapton window of 100 µm thickness, and the tracking chambers were also made as thin

as possible. The magnetic field of the D2 magnet was monitored during the experiment

with a high-precision Hall probe in order to correct for its fluctuation in the off-line

analysis. The observed fluctuation was within ±0.01 %. Design specifications of the

beam line spectrometer are listed in Table 2.1. The details of the detectors used in the

beam spectrometer will be given in the rest of this section.

Figure 2.5: Schematic view of the K6 beam line spectrometer for the incident pion.
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Table 2.1: The specifications of the K6 beam line spectrometer.

Momentum resolution 0.1 % (FWHM) at 1 GeV/c

Momentum bite ±3 %

Maximum central momentum 1.2 GeV/c

Bending angle 60◦
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Trigger Counters

The main contaminations in the π+ beam after the DC separator and the mass slits

were positrons and protons, of which fractions are ∼20 % and ∼10 %, respectively. The

K+ contamination was negligible because most of the K+ mesons that have the same

momentum decayed before reaching the target [44]. These background particles were

rejected by the trigger counters effectively. The eGC had an index of 1.00245 which is

only sensitive to positrons and had the efficiency of more than 99%. The protons that

passed the QQDQQ system were vetoed by the time of flight information provided by

BH1 and BH2 in the trigger level. The schematic views of BH1 and BH2 are shown in

Fig. 2.6a and Fig. 2.6b. The BH1 and BH2 were designed to stand for a high counting

rate and to minimize the π+ scattering and energy loss in these two scintillators. The

BH2 was 6 mm thick. The size of each segment was varied so as to make the counting

rate of each segment almost equal. In addition, BH2 also provided the time origin of

the whole system.

Beam
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5757 25 25

Hamamatsu
R1450
(with 3 stage booster)

70

5t

5t

70

11

(mm)

Acrylic Light
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5t

90

(a) BH1 (b) BH2

Figure 2.6: Schematic view of BH1&BH2.
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Drift Chambers

Four sets of drift chambers (BDC1,2,3,4) were used for the beam particle track recon-

struction. The details of the track reconstruction and the procedure of momentum

determination will be described in Chapter 3. BDC1 and BDC2 were located at the

entrance of the QQDQQ system while BDC3 and BDC4 were placed at the exit of

QQDQQ and before the target. The structure of the beam drift chambers is shown in

Fig. 2.7 and Fig. 2.8. In each plane, 48 sense wires were separated from each other by

potential wires with 2.5 mm distance between the sense and potential wires. The sense

wires were made of gold-plated tungsten of 12 µm diameter. The material used for the

75 µm-diameter potential wires was copper-beryllium. Each BDC consisted of three sets

of pair planes whose tilt angles from the vertical direction were +15◦(u, u′), 0◦(x, x′),

and −15◦(v, v′), respectively. This configuration can optimise the horizontal spatial res-

olution which is more important than the vertical direction in the track reconstruction.

To solve the left-right ambiguity, the pair plane method1 was used.

To minimize the effect of multiple scattering and to stand for a high counting

rate, the BDCs were made as thin as possible: the spacing between two pair planes is

about 5 mm. The chamber gas used in the present experiment was a mixture of Ar

(76%)+C4H10 (20%)+Methylal (4%). The detection efficiency was typically 99%. The

details of the drift chamber performance is given in Appendix C.

1Two planes that have identical structure were shifted by 2.5 mm from each other as shown in Fig. 2.8.
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Figure 2.7: Schematic view of BDC and read-out system.

Figure 2.8: BDC cell structure of the pair plane.
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2.3 Scattered Particle Spectrometer — SKS Spectrometer

The SKS (Superconducting Kaon Spectrometer) spectrometer consisted of four

sets of drift chambers (SDC1,2,3,4), a superconducting dipole magnet (SKS magnet)

and three types of trigger counters (Tof, AC1,2 and LC). The remarkable feature in

the current system was a simultaneous realization of both of its outstanding momentum

resolution and a large acceptance. Combined with the beam spectrometer, the SKS

spectrometer provided the world best energy resolution, ∼1.4 MeV (FWHM), achieved

in the hypernuclear spectroscopy study using meson beams [44][52]. The design criteria

of SKS were: a large acceptance (100 msr), a good momentum resolution (0.1% at

0.72 GeV/c) and a short path length (5 m) to minimize the kaon in-flight decay. The

magnetic field of SKS was set at 2.2 T (272 A) in order to make 0.72 GeV/c particles

pass along the central orbit. The parameters for SKS is listed in Table 2.2. Fig. 2.9

shows the schematic view of SKS. The details of the detectors installed in the SKS
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spectrometer will be given in the following subsections.

Figure 2.9: Schematic view of SKS.

Table 2.2: The specification of SKS.

Momentum resolution 0.1 % (FWHM) at 0.72 GeV/c

Momentum bite ±10 %

Maximum central momentum 1.1 GeV/c

Bending angle 100◦ for the central trajectory

Solid angle 100 msr

Flight path ∼ 5 m for the central trajectory
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2.3.1 Trigger Counters

Three types of trigger counters worked in conjunction with the drift chambers

and SKS magnet. They were Tof, AC1,2 and LC. The Tof was a set of plastic scintillation

counters. AC1,2 and LC were Čerenkov counters. The Tof was made of 15 pieces of

plastic scintillators and served as a time-of-flight detector for particle identification. A

typical flight time resolution between BH2 and Tof was about 200 ps (r.m.s.) where the

flight path between them was about 4.5 m. The schematic drawing of the Tof is shown

in Fig. 2.10.
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Figure 2.10: Schematic view of Tof.

AC1,2 (silica aerogel Čerenkov counters) and LC (Lucite Čerenkov counter)

were used to veto π+ and protons in the trigger level by anti-coincidence. The index

of AC1,2 is 1.06 and sensitive to pions with a momentum higher than 0.4 GeV/c. The

index of LC is 1.495, which can veto protons with a momentum higher than 0.85 GeV/c.

The indexes of aerogel and lucite together with the threshold momentum as a function
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of momentum are shown in Fig. 2.11. The AC1 and AC2 were essentially the same

except their size. The sensitive area of AC1 was 105×120×9 cm3 and that of AC2 was

140×140×12 cm3. The schematic view of AC1 is shown in Fig. 2.12. The LC consisted

of 14 segments of 10×140×4 cm3 lucite radiators. The schematic view of LC is shown

in Fig. 2.13
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2.3.2 Drift Chambers

Four sets of drift chambers (SDC1, SDC2, SDC3 and SDC4) were used to

reconstruct the tracks of the scattered particles. SDC1 had the same plane structure

as BDC but only two sets of pair planes (uu′, vv′) were included instead of three.

SDC2 also had the same cell structure as BDCs but with a larger size (80 sense wires

instead of 48 in each plane) to detect scattered particles effectively. SDC3 and SDC4

had different structures, particularly, of a larger drift length. The low counting rate

of the scattered particles that can pass the SKS magnet makes this possible. SDC3

consisted of x, x′ and y, y′ planes with a drift length of 21 mm. SDC4 was separated

into two chambers: SDC4X and SDC4Y. Each of these chambers had six planes with

different relative positions, as shown in Fig. 2.14. The chamber gas used in the present

experiment was a mixture of Ar (50%)+C4H10 (50%). The design parameters of SDC

are summarized in Table 2.3.
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Figure 2.14: Wire configuration of SDC4.
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Table 2.3: Specification of the drift chambers.

Name Effective area Maximum drift Planes Resolution

(cm2) length (mm) (µm in rms)

BDC1,2,3,4 24W× 15H 2.5 xx′uu′vv′ 300

SDC1 24W× 15H 2.5 uu′vv′ 300

SDC2 40W× 15H 2.5 xx′uu′vv′ 300

SDC3 100W× 100H 21 xx′yy′ 250

SDC4 100W× 100H 21 x× 6, y × 6 250
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2.4 γ-ray Detection System — Hyperball2

To detect γ rays emitted from the populated hypernucleus, a germanium de-

tector array, Hyperball2, was installed. The schematic view of Hyperball2 is shown

in Fig. 2.15. Hyperball2 had in total 14 single crystal type germanium detectors

Figure 2.15: Schematic view of Hyperball2.

(single Ge) and 6 Clover-type germanium detectors (Clover Ge), each of them was sur-

rounded by bismuth germanate (BGO) counters to suppress the background signals

mainly caused by Compton scattering. In order to monitor the efficiency and the energy

resolution during the beam time, each Ge detector was also equipped with a 60Co pulser

2. The configuration of Hyperball2 is shown in Fig. 2.16. Six out of the fourteen single
2A 60Co source assembled with plastic scintillators and a photo-tube. The detailed description will

be given in the following section.
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detectors were located in the upstream ring (90 degree - 27 degree), four Clover type

plus two single detectors were installed in the middle ring (90 degree) and the other six

single detectors were placed in the down stream ring. The distance from the surface of

the germanium detectors to the target center was about 15 cm. In order to increase

the suppression efficiency, the BGO counters were located 2 cm closer to the target,

as shown in Fig. 2.17. Hyperball2 covered 25% of the total 4π solid angle. The total

photo-peak efficiency was about 3.8% for 1.33 MeV γ ray during beam off period. This

result was obtained from calibration runs performed once a week by using 60Co and

152Eu sources during one month beam time.
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2.4.1 Germanium Detectors

The single Ge detector has a ∼250 cm3 (70 mmφ×70 mm) high-purity coaxial

germanium crystal. The Clover Ge detector comprises four coaxial (35 mm× 35 mm×

71 mm) high-purity germanium crystals. The relative efficiency3 is about 60% for the

single Ge detector and 20% for each crystal in the Clover Ge detector. In the Clover

Ge detector, the whole efficiency goes up to 120% when including the add-back events.4

The Ge detectors in Hyperball2 were made of n-type semiconductors, which are more

endurable to radiation damage [53]. The detectors were equipped with the transistor-

reset type preamplifier, whose schematic circuit and the typical signal shape from the

preamplifier are shown in Fig. 2.18. This technique was also known as active reset

preamplifier [53]. The main merit of this preamplifier is to provide a high counting rate

ability by reducing the discharge time compared with the traditional resister discharge

type preamplifier. The maximum deposit energy allowed by the preamplifier before its

reset is about 150 MeV. (The energy deposited by the high energy mesons penetrating

one Ge detector was around 50 MeV.) It was found that the reset rate was about 3 kHz

in the present experiment. The dead time caused by discharging the circuit during the

reset process was about 10 ∼ 20 µsec, and consequently the dead time was about 3∼6%.

The current design can stand a high counting rate to full-fill the requirements for the

hypernuclear experiments.

The output signal from the preamplifier was divided into two: one was used

for the γ-ray energy measurement; another one was used for the time information. The

energy versus time relation of Ge detector was employed to veto accidental background

signals, which will be introduced in the Chapter 3. In order to optimize the performance
3A 3”φ×3” NaI (doped with Tl) counter is used as a 100% efficiency reference for 1.33 MeV γ ray.
4If one γ ray hits more than one crystal inside the Clover Ge detector, all the energy deposited in

these fired crystals can be added up to reconstruct the full energy peak. The whole efficiency of the
Clover Ge detector is higher than the sum of the efficiency from each crystal.
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of Hyerball2 under high counting rate, the Ultra High Rate Amplifier (ORTEC 973)

was used as a main amplifier. In this module, a gated integrator, whose integration

time was 3 µsec, was connected after a fast shaping amplifier to correct the deformed

signal shape. The output from the main amplifiers was sent to the Amplitude Digital

Converter (ORTEC AD413A), and the converted digital data was transferred to the data

acquisition system (DAQ). For the timing information, a Time Filter Amplifier (TFA)

ORTEC 579 and a Constant Fraction Discriminator (CFD) were used successively. The

timing signal from the output of CFD was sent to a miltihit TDC (LeCroy 3377). The

circuit for one Ge detector unit is illustrated in Fig. 2.19.

2.4.2 BGO Counters

The germanium crystal of each Ge detector was surrounded by the BGO scin-

tillation counters to veto background events caused by Compton scattering as well as

high energy background γ rays and charged particles. The reason to choose BGO in the

current setup is to utilize its high detection efficiency because of its high atomic number

(Bi4Ge3O12) and a large density (7.31 g/cm3). The thickness of each BGO scintillator

was 19 mm, which has ∼62% detection efficiency for 1 MeV γ ray perpendicular to

the crystal. The energy resolution for 662 keV γ ray was ∼27% (FWHM). Two types

of BGO configurations were prepared for the single-type and Clover-type Ge detectors.

The schematic view of the BGO crystal and the assembled unit were shown in Fig. 2.20

and Fig. 2.21. One photomultiplier tube (PMT) was attached at the end of each BGO

crystal. The surface of the BGO crystal was covered with Teflon tape to increase the

number of photons that can enter the PMT. Because the decay constant of BGO scin-

tillation light is about 300 ns and the light yield is relatively low, the threshold of the
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Figure 2.18: Circuit of the transistor reset-type preamplifier.
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Figure 2.19: Circuit diagram for one unit of Ge detector.

discriminator was set to accept the signal from a single photon. For example, the output

from the phototube for the single photon signal had an amplitude around 20∼ 30 mV.

Consequently, the threshold of the discriminators for the BGO counter was set at 10

mV to achieve a good suppression efficiency in the off line analysis. The time resolution

was about 3∼ 5 nsec (FWHM) at 1 MeV.
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Figure 2.21: Configuration of the Ge detector and the BGO counter.
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2.4.3 60Co Pulser

The 60Co pulser comprised a 60Co source, a plastic scintillator and a PMT. The

60Co pulser provides a trigger signal for 60Co γ-ray emission by detecting electron from

the β decay (60Co→60Ni∗) with the plastic scintillator. The 60Co pulser was installed

close to each Ge detector. The coincidence signal between the 60Co pulser and the Ge

detectors was used as the trigger to record γ rays from 60Co (1.17 MeV & 1.33 MeV).

The data recorded with this trigger can be employed to monitor the performance of the

Ge detectors, such as the change of the energy resolution during the beam on and beam

off periods and the relative photo-peak efficiency between the beam on and beam off.

2.5 Target

Our experimental target nucleus was 12C. Two types of carbon targets were

used. One was a 2 cm thick carbon target (graphite, with mass thickness 3.4 g/cm2),

which was used as a reference target to compare the analysis result in the experimental

condition of the present experiment with the previous SKS experiments. The result

will be given in Chapter 3. The main experimental target material was polyethylene

(CH2)n with a density of 0.93 g/cm3 and a volume of 50 mmφ×20 cm (mass thickness

18.6 g/cm2). The density of the main target was chosen to be as low as possible for the

purpose of DSAM. Both of them are schematically shown in Fig. 2.22.

2.6 Trigger, Data Acquisition System and Data Summary

Trigger used in the KEK-E566 experiment

Several types of triggers were used in the present experiment for various purposes. The
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Figure 2.22: Targets used in KEK-E566. Left: (CH2)n main experimental target; right:

reference target.

π+ beam trigger was defined as:

BEAM = eGC ⊗ (Time of flight of BH1&BH2).

The anti-coincidence of eGC was required to reject the positron contamination. The

timing information of BH1 and BH2 provided the beam time-of-flight, which was used

to reject the contaminating protons. The BEAM trigger was prescaled so as not to

compete with the π+K+ trigger. The BEAM trigger was used to monitor the beam

profile. The outgoing K+ trigger was defined as:

K+ = Tof ⊗ LC ⊗ AC1 ⊗ AC2,

and the outgoing π+ was defined as:

π+ = Tof ⊗ LC ⊗ AC1 ⊗ AC2.

The combination of the π+ beam trigger and outgoing K+ trigger was used as the π+K+

trigger to accept the candidates of the 12C(π+, K+)12Λ C reaction:

π+K+ = BEAM ⊗ K+.

The π+π+ trigger was defined as:

π+π+ = BEAM ⊗ π+,
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which was used as an efficiency monitor for the drift chambers. The 60Co pulser signal

worked as another trigger. During both beam on and off periods, the 60Co trigger was

used to check the performance of the Ge detectors. But the 60Co trigger was prescaled

to avoid the competition with the π+K+ trigger.

Data acquisition system

The TDC and ADC modules used for detectors other than Hyperball2 in the present

experiment were manufactured under the TKO standard [54]. The TDC and ADC data

from these modules were sent to six sets of VME memory modules called Symmetric

Memory Partner (SMP). The data acquired during one spill were stored in the SMPs

and were transported to a computer when the beam was off. The TDC and ADC data

from Hyperball2 were sent to another type of VME memory module called Universal

Memory Module (UMEM) via the FERA bus during spill on. The data stored in UMEM

were sent to the computer when the beam was off. All the data sent to the computer

were recorded on a DVD-RAM.

Data summary

In the beginning of the present experiment, data of a few beam-through (without target)

runs were acquired. The SKS magnet was turned off during one of these beam-through

runs to check the drift chamber positions. Other beam-through runs were performed

with the beam momentum at 0.72 GeV/c in order to calibrate the SKS magnetic field.

The data acquired in the present experiment are summarized in Table 2.6.
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Table 2.4: Data summary.

Target Number of irradiated π+ Beam Momentum

(CH2)n 2×1012 1.05 GeV/c

12C 6×109 1.05 GeV/c

Empty 8×104 0.72 GeV/c
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Chapter 3

Data Analysis

3.1 Outline

The off-line data analysis comprised two main sections:

1, Λ binding energy spectrum analysis, namely missing mass (or excitation function)

calculation.

2, γ-ray spectrum analysis.

The Λ binding energy spectrum can be calculated by reconstructing the tracks of the

beam and the scattered particles. The Λ binding energy is defined as

BΛ = MA−1 + MΛ −MHY . (3.1)

Here, the mass of the hypernucleus, MHY , is obtained from the experimental data as

MHY =
√

(Eπ + MA − EK)2 − (pπ
2 + pK

2 − 2pπpK cos θπK), (3.2)

where MA−1 stands for the mass of the nuclear core, MΛ is the mass of the Λ hyperon

and MA is the mass of the target nucleus. Eπ (EK) and pπ (pK) are the energy and

momentum of the incident π+(the scattered K+), respectively. θπK is the angle between
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the tracks of the π+ and the K+. According to the convention of hypernuclear reaction

spectroscopy study, the scale of -BΛ is used. In order to facilitate the discussion and

comparison with the previous results, the same convention is adopted in this dissertation.

The hypernuclear events in which the hypernuclear states of interest were pop-

ulated can be selected by gating the proper region of the BΛ (or MHY ) spectrum. The

γ rays emitted from these selected events can be analysed further in the γ-ray spectrum

analysis. If the hypernuclear γ rays are emitted from a moving mother hypernucleus,

the γ-ray energies are shifted because of the Doppler effects. The correction of these

Doppler broadened energies can be made by combining the information from the bind-

ing energy spectrum analysis and the γ-ray spectrum analysis. This also provides a

possibility to measure the lifetime of hypernuclear γ ray transitions through Doppler

Shift Attenuation Method (DSAM). The details of DSAM will be covered in the latter

part of this chapter.

3.2 Binding energy spectrum analysis

As can be seen from Eq. 3.1, the momenta of the π+ and K+ are necessary to

calculate the hypernuclear binding energy. The momentum together with other kine-

matic variables can be obtained from the track reconstruction. It can be further divided

into two relatively independent parts:

1, track reconstruction for the incident π+ beam, which was done by the K6 beam line

spectrometer;

2, track reconstruction for the scattered K+, which was accomplished by the SKS spec-

trometer.
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Before the track reconstruction analysis, the n(π+, K+)Λ events were first roughly se-

lected by using the data from the counters and the drift chambers in order to minimize

the time consumption for track reconstruction analysis.

3.2.1 Event selection before track reconstruction

Background events may trigger the DAQ and be recorded as good events. For

example, the (π+, p) event can also make the (π+, K+) trigger if the proton emits δ

rays when passing through the LC detectors. To reduce the computing time in the

track reconstruction and also minimize the background level in the final hypernuclear

binding energy spectrum, event selection is necessary before the track reconstruction in

the off-line analysis. The main steps can be outlined as:

• The hit time difference between BH1 and BH2 was used as time-of-flight informa-

tion to reject protons contaminating the beam.

• The time difference between BH2 and Tof was used to reject π+ and protons from

nuclear reactions.

• The consistency of hit positions from different detectors was required. The events

with a decaying particle can be suppressed in this selection.

The effects of these cut conditions are seen in Fig. 3.1. In Fig. 3.1a, three peaks corre-

sponding to the mass square of π+, K+ and proton can be clearly distinguished. There

were a large number of pions and protons which passed through the track reconstruction

analysis. Fig. 3.1b was obtained after applying the cutting conditions for the same data

set. The difference between Fig. 3.1a and Fig. 3.1b demonstrates that the background

events are effectively suppressed without any serious over killing.
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Figure 3.1: Mass square of the scattered particles calculated from TOF and track re-

construction analysis by SKS for the events (a) without the event selection cut and (b)

with the event selection cut.
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3.2.2 Track reconstruction for the beam particles

First, a straight track was reconstructed with BDC1,2 by the least χ2 fitting

method at the entrance of the QQDQQ spectrometer. Then another straight track was

reconstructed by the same procedure with BDC3,4 at the exit of the spectrometer. The

minimised χ2 for the BDC chambers are denoted as χ2
BDC . These two tracks were used as

input to the track reconstruction program. In the program, by requesting the following

reduced χ2 to be minimized, the momentum of the beam particle was determined.

χ2
K6 ≡

1
n− 5

12∑
i=1

Hi

(
Pi − fi( ~Xin)

wi

)2

︸ ︷︷ ︸
BDC1,2

+
1

n− 5

24∑
i=13

Hi

(
Pi − gi( ~Xout)

wi

)2

︸ ︷︷ ︸
BDC3,4

. (3.3)

Here,

n =
24∑
i=1

Hi

Hi =


1, if ith plane has a hit in the local track,

0, if ith plane has no hit in the local track,

~Xout = M( ~Xin, p),

(3.4)

where Pi is the candidates for the hit position on the i-th plane of the drift cham-

bers, which is obtained from the local tracks, and wi is the spatial resolution of the

i-th plane. ~Xin and ~Xout represent the position and the direction of beam particles

at the entrance and the exit of the spectrometer, respectively. For example, ~Xin =

(xin, yin, (dx
dz )in, (dy

dz )out). The hit position on the i-th plane for the fitted trajectories

is denoted as fi( ~Xin) and gi( ~Xout). ~Xout is calculated from ~Xin through the 3rd-order

transport matrix (M) using the momentum (p) as a parameter [45].

A typical χ2 distribution for the K6 beam line spectrometer tracking is shown

in Fig. 3.2. The events with χ2 less than 15 were accepted as good events1 as shown
1This cut condition was determined in order to have a good signal to noise ratio for the γ-ray

spectrum.
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in Fig. 3.2a. During the data analysis of the present experiment, the BDC tracks with

large χ2 values(χ2
BDC ≤30) were also accepted in order to save as many good events as

possible. This results in a long tail in the χ2 distribution of the beam line tracking,

as shown in Fig. 3.2a. It should be noted that a χ2 distribution consistent with the

previous experiments performed at K6 beam line was able to be achieved when a more

strict χ2 cut on the BDC tracking was applied, as can be seen from Fig. 3.2b. The beam

momentum calculated by this procedure is shown in Fig. 3.3

In order to achieve an unbiased monitoring of the beam condition, the BDC

tracks in the beam trigger data were used to obtain the beam profile at the target cross

sectional plane (Fig. 3.4) and χ2 distributions.
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Figure 3.2: χ2 distribution in the beam line tracking.
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Figure 3.3: Beam momentum measured by the K6 beam line spectrometer.
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3.2.3 Track reconstruction for the scattered particles

The track reconstruction for the scattered particles began with straight tracks

reconstructed at the exit of SKS by using SDC3,4 hit positions. These tracks were used

as an initial track for a charged particle propagating inside the SKS magnetic field.

The Runge-Kutta method was used to calculate the tracks of the scattered particles

numerically [55]. The momentum was determined by requesting the following reduced

χ2 to be minimized

χ2
SKS ≡

1
n− 5

n∑
i=1

(
xtracking

i − xdata
i

wi

)2

, (3.5)

where n is the number of planes having hits, xtracking
i and xdata

i are the hit positions on

the i-th plane in the calculated track and the data, respectively, and wi is the spatial

resolution of the i-th hit plane. The fitting parameters are the momentum of the scat-

tered particles, two hit positions and two track directions at the target position. The

calculated momentum for the K+ is shown in Fig. 3.6. A typical χ2 distribution of the

SKS tracking is shown in Fig. 3.5. The events with χ2
SKS ≤30 were accepted as good

events2. Empirically, from the past SKS experiments, it is known that the momentum

obtained by the procedure mentioned above has a correlation with the incident angles

of the scattered particles [44]. The following correction formula needs to be applied:

pcorrected
K+ = pK+ + 17.0

(
dx

dz

)
K+

+ 21.0
(

dx

dz

)2

K+

[MeV/c]. (3.6)

The path length of the scattered particles can also be obtained when the track

was determined. The mass square of the scattered particles shown in Fig. 3.1 can be

calculated as

M2
out =

( p

β

√
1− β2

)2
, (3.7)

2This cut condition was so determined that a good signal to noise ratio for the hypernuclear γ-
ray spectrum can be achieved. Because of the low detection efficiency of photon, the statistics of the
hypernuclear γ-ray spectrum is relatively low. If a more strict χ2

SKS cut condition is applied, the
statistical significance of the hypernucklear γ-ray spectrum will be worse.
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where β is calculated by the path length obtained from the SKS tracking and the time

different between the BH2 and the Tof detectors.
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Figure 3.5: A typical χ2 distribution of the SKS tracking.
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Figure 3.6: The momentum of scattered K+ measured by the SKS spectrometer.
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3.2.4 Binding energy spectrum: reference target (graphite, 3.4g/cm2)

The binding energy defined in Eq. 3.1 was calculated with the corrected mo-

mentum for the K+. The result for the reference target is presented in Fig. 3.7b. The

left peak corresponds to the events where the Λ hyperon was populated into the s-orbit

and the core nucleus 11C is not excited. The right peak shows the events for which the

Λ hyperon was populated into the p-orbit with the 11C core unexcited. To check the

consistency of the present experimental result with past SKS experiments, the binding

energy spectrum from the KEK-E369 experiment is given in Fig. 3.7a, where a graphite

target with 1.74 g/cm2 was used [44]. Because the reference target is twice as thick as

the one used in KEK-E369, a reasonable consistency has been achieved by including the

effects of energy loss.
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Figure 3.7: The binding energy spectrum for the 12C target.
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3.2.5 Binding energy spectrum: experimental target (polyethylene

18.6 g/cm2)

In order to calculate the binding energy for the thick target, energy loss inside

the experimental target has to be corrected. The following formula was used for the

energy loss correction:

Eπ+corrected = Eπ+measured − 0.162[MeV/mm] · L,

EK+corrected = EK+measured + F (pK+)[MeV/mm] · L,

F (pK+) = (7.99578× 10−1) + (−1.47087) · pK+

+(9.288840× 10−1) · p2
K+ ,

where L is the path length of the charged particle inside the target which has a unit

of mm and pK+ is the K+ momentum corresponding to EK+corrected in [GeV/c] unit.

The expression for F (pK+) was extracted from the simulation based on the Bethe-Bloch

formula. This equation can be solved by iteration. To calculate the path length, the

reaction vertex needs to be measured.

The vertex position along the beam direction (z-direction) was defined as the

middle point of the shortest distance line between the π+ track and the K+ track. The

vertex distribution along the beam direction from this experiment is shown in Fig. 3.8.

The left peak corresponds to the reaction events occurred within the BH2 counter. The

events between the red arrows were accepted as good events. This cut condition was set

to achieve a good signal to noise ratio in the γ-ray spectrum.

A Monte Carlo simulation was carried out in order to confirm the data analysis

of the current experiment is correct. The details of the procedure used in the simulation

are given in Appendix C. The vertex distribution from the simulation is shown in Fig. 3.9.

The difference between the simulated results and the data analysis (the left side of the



66 CHAPTER 3. DATA ANALYSIS

vertex distribution) is mainly resulted from the difference between π+ and K+ absorption

which is not included in the simulation. The similar structure of the right tail shows the

consistency between the experiment and the simulation. The vertex resolution from the

simulation, which is defined as the difference between the reconstructed vertex position

and the input position, is given in Fig. 3.10. This result will be used as input for the

hypernuclear γ-ray lifetime analysis.
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Figure 3.8: Vertex distribution along the beam direction in the KEK-E566 experiment.

After the energy loss correction, the binding energy spectrum for the experi-

mental target was obtained as shown in Fig. 3.11. To fit the binding energy spectrum in

Fig. 3.11, 6 bound states corresponding to the #1∼#6 peak in Fig. 1.11 were assumed.

The relative peak height was fixed according to the relative cross section measured in

the KEK-E369, which is also listed in Fig. 1.11. The energy spacings between the peaks

in Fig. 3.11 were also determined based on KEK-E369 experiment. The free parameters

used for the bound state fitting were the peak height of the sΛ state and the energy res-

olution, which was assumed to be the same for all the peaks. The blue curves represent

the sΛ states with the s-orbit Λ hyperon coupled with the 11C ground state (#1) and 11C
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core excited states (#2∼#4). The green curves stand for the pΛ states where a p-orbit

Λ hyperon coupled with the 11C ground state (#5) and 11C core excited states (#6).

The following function was adopted to represent the Λ hyperon quasi-free production

states, which is shown in yellow in Fig. 3.11:

1
e(p0+p1·x) + p2

, (3.8)

where the p0 , p2 and p3 were free parameters to be determined by the fitting program.

From the fitting result, the binding energy resolution was obtained to be about 7 MeV

(FWHM). A simulated binding energy spectrum is given in Fig. 3.12. A systematic

energy shift of ∼3 MeV between the simulated result and the experimental data was

found. This phenomenon can be explained by considering the systematic error between

the measured magnitude and direction of the outgoing K+, which result in the correction

given in Eq. 3.6. In case of the thick target, the momentum of the outgoing K+ is smaller

because of the energy loss inside target medium. Thus the bending angle is larger and

the correction given in Eq. 3.6 is not sufficient to cancel this systematic error. In this

dissertation, a systematic shift of ∼3 MeV 3 of the Λ hyperon binding energy spectrum

was applied in order to facilitate discussion. The simulated binding energy spectrum for

the sΛ, pΛ and the quasi free states of 12
Λ C hypernucleus is also given in Fig. 3.12, which

can be used as a reference to determine the gating conditions for the γ-ray spectrum

analysis.

3The correction used is −BΛ = −BΛ measured + 3 MeV, where the −BΛ measured is the binding
energy obtained from tracking analysis.
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Figure 3.9: Vertex distribution from simulation.
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Figure 3.10: Vertex resolution from simulation.
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Figure 3.11: The binding energy spectrum for the (CH2)n experimental target. The

peaks #1∼#6 correspond to the peaks observed in KEK E369 (Fig. 3.7a).
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Figure 3.12: The binding energy spectrum of the experimental target from simulation.
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3.3 γ-ray Spectrum Analysis

The hypernuclear states of interest populated by the (π+, K+) reaction may

emit γ rays. To obtain the hypernuclear γ-ray spectrum, the data taken from Hyperball2

were analysed in the following steps.

3.3.1 Event selection

The γ-ray spectrum analysis started with TDC event selection. Since the hy-

pernuclear γ rays of interest have a typical lifetime less than 10 ns, the TDC spectrum of

the hypernuclear γ rays should appear as a peak. Fig. 3.13 is a typical TDC distribution

of a Ge detector with respect to the beam timing (the BH2 counter). The most proba-

ble region for true events is between the red arrows. Because the time resolution of Ge

detector slightly depends on the amplitude of the signal, even when a constant-fraction

discriminator is used, the TDC distribution has a correlation with the ADC value, as

shown in Fig. 3.14. The following function was used to describe this correlation,

TDC = p0 · ep1·ADC + p2 + p3 ·ADC.

The events located in the region between the lower and upper curve in Fig. 3.14 were

accepted as candidate events.

Because the Ge detectors were equipped with the reset-type preamplifier, the

energy signals generated right after the reset process were distorted. To eliminate such

signals, the signals that appeared after a reset signal within 35µs were vetoed. Another

selection which was made based on the TDC information was the pile-up rejection. If a

second signal comes before the charge collection of the first signal is finished, the event

will be rejected because the energy information of both signals is distorted. For a certain

event, the earliest signal that locates within the accepted TDC region was denoted as
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tfirst. The cut condition for the pile-up rejection was set relative to tfirst. The events

that had a hit within

(tfirst + 1µs) ≤ t ≤ (tfirst + 3µs),

or,

(tfirst − 3µs) ≤ t ≤ (tfirst),

were rejected. The effects of the pile-up rejection is shown in Fig. 3.21. The signal to

noise ratio is improved after applying the pile-up rejection. From Fig. 3.21, the pile-up

rejection rate was found to be ∼5%.
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Figure 3.13: Typical TDC distribution of Ge detectors.

Adc channel
0 1000 2000 3000 4000 5000 6000 7000 8000

T
d

c 
ch

an
n

el

9800

9900

10000

10100

10200

10300

10400

10500

10600

10700

10800

Figure 3.14: γ-ray TDC-ADC correlation for a Ge detector.
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3.3.2 Energy calibration

The full range of the γ-ray energy spectrum was set to be 9 MeV. To calibrate

the Ge detectors in such a wide energy range, it is necessary to employ well known γ rays

whose energies can cover this range. The γ-ray data with 152Eu and 60Co sources were

acquired several times for calibration during one month beam time. The γ-ray energies

from these sources are from 121 keV to 1408 keV. To calibrate the high energy part, the γ

rays emitted from 16O excited states (6.129 MeV and its single and double escape peaks)

as well as 2.754 MeV γ ray from a 24Mg excited state were used. These excited 16O were

populated via β− decay of 16N produced by 16O + n →16 N + p reaction with oxygen

in the BGO counters. The 24Mg γ rays came from 24Na which was produced probably

from aluminium around the target. The γ rays used to calibrate the Ge detectors are

listed in Table 3.1. A fourth order polynomial function was used to fit the calibration

curve. Fig. 3.15 shows the fitting result. The performance of the Ge detectors during

the beam-on and beam-off period is different because of the high counting rate caused

by beam particles. The difference is shown in Fig. 3.16. A shift of ∼2 keV toward the

lower energy was also observed during the beam-on period. The energy resolution when

all the Ge detector spectra were added up (including add-back of Clover Ge) was ∼5

keV (FWHM) for 1 MeV γ rays.

The γ rays emitted from known radio-activities, which were mainly populated

from the detector and supporting materials through nuclear reactions, were also used

to check the correctness of the Ge detector energy calibration during the beam time.

Fig. 3.21 shows some peaks used to confirm the Ge calibration, such as 74Ge (596 keV),

10B (718 keV) and 56Fe (847 keV). The 197 keV γ rays from 19F were also used to check

the Ge calibration at the low energy region.

The performance of the Ge detectors during one month beam time was moni-
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tored by the 60Co pulser. The fitted peak position of the 1.332 MeV γ-ray peak for each

run was shown in Fig. 3.17.

Table 3.1: γ rays used for the energy calibration of Ge detectors, where DE and SE

stand for single photon escape and double photon escape, respectively.

Source γ-ray energy(keV)
152Eu 121.78
152Eu 244.70
152Eu 344.28

e+e− 511.0
152Eu 778.90
152Eu 964.06
152Eu 1085.84
152Eu 1112.09
60Co 1173.24
60Co 1332.50
152Eu 1408.01
24Mg 2754.03

16O (DE) 5101.63
16O (SE) 5617.63

16O 6128.63
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calibration curve.
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Figure 3.16: Black line is the γ-ray spectrum of a Ge detector during the beam-off

period; the red line is the same spectrum acquired when the beam is on. Both were
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3.3.3 Clover Ge detector add-back effects

Each crystal of the Clover Ge detector was treated as an independent single Ge

detector in the event selection process. As introduced in Chapter 2, the advantage of the

Clover Ge detector is the increase of photo-peak efficiency by adding back the signals

of the four segments from one event. The add-back effects can be seen in Fig. 3.18.

The data in Fig. 3.18 was from a 60Co calibration run. The photo-peak efficiency was

increased by about 1.5 times while the Compton scattered events were decreased.
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Figure 3.18: The effects of add-back in the Clover Ge detectors.
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3.3.4 BGO suppression

The BGO suppression is effective in reducing the background from Compton

scattering in the γ-ray spectrum. In the present experiment, it is also effective to reduce

background events from high energy photons and high energy charged particles hitting

the Ge detectors. In the case of the single Ge detector, if any one of the six BGO crystals

was fired together with the Ge detector, the current event was rejected as a background

event. For the Clover Ge, a more sophisticated method was used: only if any one of the

four neighbouring BGO and the Ge crystal surrounded by them were fired, the event

was rejected. This is illustrated in Fig. 3.19.

The BGO anti-coincidence width was so determined that the signal to noise

ratio (S/N) and also the signal square to noise ratio (S2/N) are optimized. In the current

analysis, the known γ ray (1482 keV) emitted from 11
Λ B was chosen as the signal (S).

The background under this γ-ray peak was denoted as N. The BGO gate started from

25 ns width and increased with every 25 ns to 200 ns. The S/N and S2/N value as a

function of the BGO gate width are drawn in Fig. 3.20. Based on these data, the BGO

gate width was set to be 125 ns. The γ-ray spectrum from (π+, K+) events with and

without the BGO suppression are drawn together in Fig. 3.21. Some known peaks are

marked with the corresponding sources. The suppression factor, which is defined as

Sfactor =
Counts without BGO suppression

Counts with BGO suppression
,

is shown in Fig: 3.22, from which we can see that the Compton scattered events are

suppressed much more than the events which belong to the full energy peak. The

accidental killing rate of the BGO suppression was estimated from the counting rate

of the BGO counter. For example, the counting rate for a whole slot of BGO counter

for single Ge detector was found to be ∼350 kHz, which was obtained from the beam
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trigger taking into account the prescale factor. In this case, the accidental killing rate

was estimated to be:

Accidental killing rate = (1− e−(BGO counting rate)×125ns)× 100%

= (1− e−350×103×125×10−9
)× 100%

= 4.3%.

In the case of the Clover detector, the accidental killing rate should be smaller because

the number of BGO counters providing the veto signal was less than the single Ge case.

The averaged accidental killing rate was estimated to be ∼ 4%. The large suppression

factor for the 11C peak in Fig. 3.22 may result from the cascade decay events but not

from the accidental killing.
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Figure 3.19: BGO suppression scheme: (a) the schematic view of a Compton scattered

event; (b) the BGO suppression in the case of single Ge (all six BGO segments were

used to veto scattered photons); (c) the case of clover Ge (Only the four yellow BGO

were used to veto the scattered photons from the surrounded Ge segment).
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Figure 3.20: S/N ratio and S2/N ratio as a function of the BGO gate width. S is the

counts of the 1482 keV γ ray from 11
Λ B hypernucleus. N is the counts of background of

this peak.
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3.3.5 Hyperball2 efficiency

The photo-peak efficiency of the Hyperball2 apparatus was measured with the

cascade γ rays (1.173 MeV and 1.332 MeV) of 60Co source. The 152Eu source was also

used for the efficiency and calibration purpose. The efficiency measured by the 152Eu

source was found to be shifted compared with the result obtained from the cascade γ

rays measurement with 60Co source, probably because of an incorrect prescale factor

recorded during the data taking. Thus the Hyperball2 efficiency measured by the 152Eu

source was scaled to the simulated efficiency curve to confirm that the relative efficiency

was correct. The photo-peak efficiency as a function of γ-ray energy (100 keV ∼ 3000

keV) was shown in Fig. 3.23. The solid curve in red is from the simulation made with

GEANT4. In the simulation, all materials between the experimental target and the

germanium crystals were included. The DAQ dead time and the analysis efficiency were

not taken into account.

The data points in Fig. 3.23 was the result obtained when the source was set

at the center of the target region. Because the experimental target was 20 cm long,

the sources were placed at three positions (two ends and the middle of the target) and

the data were averaged to represent the real situation. The photo-peak efficiency of

Hyperball2 with Clover add-back is about 3.8% for 1.33 MeV γ rays. The blue line in

Fig. 3.23 represents the simulated photon-peak efficiency when the experimental target

is included and the source of the γ rays are randomly distributed within the experimental

target. The difference between the blue line and the red line shows the target absorption

and scattering of the γ rays. The photo-peak efficiency was lower than the measured

value during the beam-on period. This difference can be defined as

Efficiencyrelative =
Counts of 1170 keV and 1330 keV γ rays when beam was on
Counts of 1170 keV and 1330 keV γ rays when beam was off

,
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where the 1170 keV and 1330 keV γ rays were emitted from the 60Co pulser. It was

found that Efficiencyrelative was about 52%. By including this relative efficiency (52%)

and the pile-up suppression factor (95%), the Hyperball2 photo-peak efficiency for the

π+K+ trigger is given by the green line in Fig. 3.23.
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Figure 3.23: Photo-peak efficiency as a function of γ-ray energy. The * points are the

data when the sources were placed at the center of the Hyperball. The solid curve is the

result of simulation. The uncertainty of the simulated photo-peak efficiency is estimated

by comparing the measured points with the simulated red curve, which was found to be

<1%.
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3.4 Doppler Shift Correction and Doppler Shift Attenua-

tion Method

3.4.1 Doppler shift correction

The measured γ-ray energies were influenced by the motion of the parent hy-

pernucleus. This effect is referred to as Doppler shift effect, which is schematically

shown in Fig. 3.24. The Doppler shift effect depends on the angle between the recoil

momentum of the parent hypernucleus and the detector (θ) and the velocity of the

parent hypernucleus (β).

K
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12
L

b

q

germanium detector

Figure 3.24: Schematic view of the Doppler shift effect.

The Doppler shift effect can be corrected by the following relation

Ecorrected = Emeasured × γ(1− β cos θ), (3.9)

where Emeasured is the energy measured by the detectors and Ecorrected is the γ-ray en-

ergy when it is emitted from the parent hypernucleus at rest. In the present experiment,

the momenta of the incident pions and outgoing kaons were measured one by one with

the beam line spectrometer and the SKS spectrometer, respectively. Thus the value and

direction of β can be obtained for each event. One thing to be noticed is that the β

obtained in this way is for the parent hypernucleus right after their population and not
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necessarily the value when they emit the γ rays. In another word, the Doppler shift

correction requires the condition that the lifetime of the EM transition is short enough

to have a good result.

The uncertainty caused by the correction with the above equation can be esti-

mated as following:

∆Ecorrected = Emeasured · β · γ · sin θ ·∆θ, (3.10)

where we assumed that the main source of the uncertainty comes from the uncertainty

of θ. The uncertainty of θ is determined by two factors: the z-direction vertex resolution

and the size of the Ge detectors. The z-direction vertex resolution is about 2 cm, as

shown in Fig. 3.10, and the diameter of the Ge detectors (both single-type and clover-

type) is approximately 7 cm. Thus ∆θ is estimated to be ±150. The typical value of β

of the populated hypernucleus is around 0.035. Consequently, we have

∆Ecorrected ≈ 0.009× Emeasured. (3.11)

In the last step, sin θ was further assumed to be 1.

3.4.2 Doppler Shift Attenuation Method (DSAM)

As mentioned in the last subsection, the lifetime of the parent hypernucleus

should be shorter than the stopping time of the recoiling hypernucleus inside the target

material in order to have an obvious Doppler shift effect. On the other hand, if the

lifetime of the γ-ray transition is much larger than the stopping time, all the γ rays are

emitted after the hypernucleus stops and no Doppler shift effect can be observed. If the

lifetime of the EM transition is of the same order of the stopping time of the mother

hypernuclei, γ rays are emitted when the hypernucleus is slowing down in the target

and the Doppler shift partly takes place according to the lifetime. If the stopping time



3.4. DOPPLER SHIFT CORRECTION AND DOPPLER SHIFT
ATTENUATION METHOD 87

of the parent hypernucleus is estimated, then the hypernuclear γ-ray peak shape can

be employed to determine the lifetime of the EM transition by adjusting the lifetime

of the EM transition as a parameter in the simulation to reproduce the measured peak

shape. This is known as Doppler Shift Attenuation Method (DSAM).

In order to estimate the velocity of the parent hypernucleus when the γ ray

is emitted, the knowledge of the stopping power of the hypernucleus inside the target

medium is necessary. The SRIM program was used for this purpose, whose error is known

to be ∼ 5% [56]. With the data provided by SRIM, the velocity of the hypernucleus as

a function of flight time was calculated as shown in Fig. 3.25.
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Figure 3.25: The velocity of 11
Λ B ion inside the (CH2)n target as a function of the flight

time.

To obtain the measured γ-ray peak shape as a function of the lifetime of the

corresponding EM transition, a GEANT4 simulation was performed. The essential

ideas used in this simulation are outlined as:

I , the identical geometry configuration of Ge detectors as the experimental setup

was used.
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II , an exponential decay was assumed.

III , the measured velocity distribution of the 12
Λ C hypernucleus was used.

IV , the measured vertex positions were used and the vertex resolution obtained from

simulation was also taken into account.

V , the direction of the emitted γ rays was assumed to be uniformly distributed.

VI , the resolution and the radiation damage effects of the Ge detectors were taken

into account by using the 511 keV γ ray peak shape as the Ge detector response

function in the simulation, as shown in Fig. 3.26.

Some typical γ-ray spectra for various lifetimes from the simulation are given in Fig. 3.27.

Because there were more Ge detectors in the upper stream of the target than in the lower

stream, a slightly asymmetric peak shape was obtained.
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Figure 3.26: Response function of the Ge detectors taken from the 511 keV γ-ray peak

during the beam-on period.
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Figure 3.27: Some typical γ-ray spectrum with different lifetime from simulation. Black

curve: before Doppler shift correction; Red curve: after Doppler shift correction.
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Chapter 4

Hypernuclear γ-ray spectrum

As mentioned in Chapter 3, the γ rays emitted from the hypernuclear states can

be selected by gating a proper region in the binding energy spectrum. In this chapter,

selection criteria for the binding energy will be given first. Then the γ-ray spectra for

the 11
Λ B hypernucleus, the 12

Λ C hypernucleus and possible hyperfragments are given.

4.1 Selection of Hypernuclear States

According to the hypernuclear mass resolution of the present experiment (7

MeV in FWHM) and taken into account the signal to noise ratio, the criteria to select

hypernuclear states were determined as shown in Fig. 4.1 schematically. Specifically, the

following binding energies corresponding to different hypernuclear states were defined:

sΛ states region : −18 MeV < −BΛ < −2 MeV,

pΛ states region : −8 MeV < −BΛ < 10 MeV,

Highly excited states region : −2 MeV < −BΛ < 18 MeV,

Highly unbound region : 23 MeV < −BΛ ,
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where sΛ stands for the states in which a Λ hyperon was populated in the s orbit of the

hypernucleus, which was converted from a p-orbit neutron. As shown in Fig 1.11, four

states (1−1 , 2−1 , 1−2 and 1−3 ) were generated in different combinations between the nuclear

core (11C(3/2−, 1/2−, 3/2−)) and the s-orbit Λ hyperon. The 1−1 state (ground state) is

dominant because the (π+, K+) reaction selectively populates spin-non-flip hypernuclear

states in the current experimental condition. In the states denoted as pΛ, a Λ hyperon is

converted from a p-shell neutron into the p orbit of the hypernucleus. Three states (2+
1 ,

2+
2 and 0+) are generated depending on the angular momentum coupling between the

Λ hyperon and the core nucleus (11C(3/2−)). In these states, the Λ hyperon is bound

(−BΛ < 0) but the proton is unbound and they decay as 12
Λ C∗(pΛ) →11

Λ B+p. In the

region denoted as highly excited states, the 12
Λ C hypernucleus is energetically allowed

to decay into the excited states of 11
Λ B hypernucleus or other hyperfragments. In the

highly unbound states region, the Λ hyperon is more likely to be generated into the

continuum quasifree states.

The γ-ray spectra from these four regions before (after) Doppler shift correction

are given in Fig. 4.2 (Fig. 4.3), Fig. 4.4 (Fig. 4.5), Fig. 4.6 (Fig. 4.7) and Fig. 4.8

(Fig. 4.9), respectively. The assignment of the hypernuclear γ-ray transitions is given

in the rest of this Chapter.
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Figure 4.1: The 12
Λ C binding energy spectrum taken in the present experiment, shown

together with the 12
Λ C states which are expected to be populated by the calculation of

Itonaga et al. The four regions for the event selection are defined as shown in the figure.

Red and green curves are the sΛ + 11C g.s. state and the pΛ + 11C g.s. state (#1

and #5 peak in Fig. 1.11) respectively; black curve is the total fitting function used.

The quasifree states and other core excited states are not shown. For the details of this

fitting, please refer to Chapter 3.
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Figure 4.2: The γ-ray spectra from the sΛ states region without applying Doppler shift

correction.
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Figure 4.3: The γ-ray spectra from the sΛ states region after applying Doppler shift

correction.
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Figure 4.4: The γ-ray spectra from the pΛ states region without applying Doppler shift

correction.
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Figure 4.5: The γ-ray spectra from the pΛ states region after applying Doppler shift

correction.
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Figure 4.6: The γ-ray spectra from the highly excited states region without applying

Doppler shift correction.
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Figure 4.7: The γ-ray spectra from the highly excited states region after applying

Doppler shift correction.
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Figure 4.8: The γ-ray spectra from the highly unbound region without applying Doppler

shift correction.
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Figure 4.9: The γ-ray spectra from the highly unbound region after applying Doppler

shift correction.
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4.2 γ rays from the 11
Λ B hypernucleus

As mentioned in Chapter 1, the 11
Λ B hypernucleus was populated via one proton

emission from 12
Λ C, if the 12

Λ C hypernucleus was in the pΛ states or other highly excited

states. The 11
Λ B hypernucleus populated into the excited states further decay by EM

transitions.
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Figure 4.10: The states of 11
Λ B populated via one proton emission from 12

Λ C.

In the weak coupling scheme, the 11
Λ B hypernuclear structure can be understood

as a Λ hyperon coupling with the 10B nuclear core. Fig. 4.10 shows the level scheme

and possible γ-ray transitions from the excited states of 11
Λ B together with the binding

energy of 12
Λ C.

In the present experiment, three γ-ray transitions from the 11
Λ B hypernucleus
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were observed and assigned as:

11
Λ B : M1(

7
2

+

→ 5
2

+

) Eγ = 263 keV,

11
Λ B : M1(

3
2

+

→ 1
2

+

) Eγ = 504 keV,

11
Λ B : E2(

1
2

+

→ 5
2

+

) Eγ = 1483 keV.

In a previous hypernuclear γ-ray spectroscopy experiment, KEK-E5181, which used

the 11B(π+, K+)11Λ B reaction for a dedicated 11
Λ B hypernucleus study, several γ-ray

peaks from 11
Λ B were observed [40]. One of them was 1483 ± 0.2 ± 0.7 keV transition

assigned to be E2(1
2

+ → 5
2

+), where the quoted errors are the statistical and systematic

ones, respectively. The observed 1483 keV γ ray transition in the present experiment

is consistent with the KEK-E518 result. In addition to this E2 transition, the present

experiment succeeded in assigning two other γ-ray transitions (505 keV and 263 keV)

for the first time, which were observed in the KEK-E518 experiment but not able to be

assigned. The present results allowed us to reveal a complete level scheme for the low

excited states of the 11
Λ B hypernucleus. The details for these results will be given in the

following subsections.

4.2.1 11
Λ B : M1(7

2

+ → 5
2

+
) transition

The γ-ray peak around 263 keV which is most dominantly populated in the

pΛ states region is identified as the M1(7
2

+ → 5
2

+) transition. The evidence to support

this assignment comes from the KEK-518 experiment. From the observation of 11
Λ B :

E2(1
2

+ → 5
2

+) transition in the KEK-E518 experiment, the energy of the 11
Λ B(1/2+)

state was found to be too high to be populated from the 12
Λ C(0+, 2+

2 , 2+
1 ) states by

proton emission and there are no other transitions in 11
Λ B than M1(7

2

+ → 5
2

+).

1 A brief summary of the KEK-E518 is given in Appendix D.
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The DSAM was employed to obtain the 11
Λ B(7/2+) lifetime from the 11

Λ B :

M1(7
2

+ → 5
2

+) transition by taking the peak position, number of counts and lifetime

used in the simulation as fitting parameters, together with a linear back ground function,

as introduced in Chapter 3. The simultaneous fitting of the γ-ray spectra before and

after Doppler correction was used to determine the lifetime of the corresponding γ-ray

transition. In the present case, the minimum χ2 value is given as a function of the

lifetime in Fig. 4.11. The lifetime limit of the M1(7
2

+ → 5
2

+) transition determined this

way is

τ > 7 ps,

where the systematic error is not included. From Eq.1.5, the lifetime of M1(7
2

+ → 5
2

+)

transition with 263 keV energy is estimated to be ∼9 ps by using the gΛ value in the

free space.
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Figure 4.11: The minumum χ2 value in the fitting as a function of lifetime used in

the simulation. The minimum χ2 value is resulted from the simultaneous fitting of

the γ-ray spectrum before and after the Doppler correction, whose number of bins is

100 each. The number of parameters used in the fitting is 4 for each spectrum: two

for a linear background; two for the peak position and peak height of the γ-ray peak,

respectively. The goodness of the fitting can be seen from the reduced minimum χ2

value of χ2/(200− 8) ∼1.04, which is very close to unity
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The peak position is slightly different depending on the peak shapes used in

the fitting, which varies from lifetime to lifetime in the simulation. The peak position

of this transition was determined by fitting the peak with the simulated peak shape for

a 8 ps lifetime, as shown in Fig. 4.12. The energy of 11
Λ B : M1(7

2

+ → 5
2

+) transition was

thus determined to be 261.4 ± 0.2 keV, where the quoted error is statistical only. The

averaged energy shift during beam on is about 1.5 keV to the lower energy, which was

found by fitting the 511 keV γ-ray peak for the (π+, K+) trigger. After corrected for

this effect, this hypernuclear peak position was determined to be:

11
Λ B : M1(

7
2

+

→ 5
2

+

) Eγ = 262.9± 0.2 keV

The systematic errors to be considered include the uncertainty in the γ-ray energy

calibration in this energy region (∼0.2 keV) as shown in the Fig. 3.15 and the feeding

of from higher excited states to the 11
Λ B(7/2+) state. The peak shape obtained from the

simulation was calculated with an exponential decay curve for a certain lifetime. The

feeding of 11
Λ B(7/2+) state from the higher excited states will modify the peak shape

and cause further systematic error to the final result. From the result of the KEK-E518

experiment and the theoretical calculation by Millener, many of the 11
Λ B excited states

have spin of 1/2+ or 3/2+ [9]. Thus the most probable feeding of the 11
Λ B(7/2+) state is

from the E2 transition, which has a typical lifetime longer than the stopping time of 11
Λ B

inside the target (∼3 ps). This systematic error was estimated by using the response

function in the fitting, in which the lifetime of the preceding transition was taken as

infinity for the most extreme case. The fitted result shows a shift of +0.4 keV in the

peak position. So that the total systematic error was taken as 0.4 keV. The final result

is:

11
Λ B : M1(

7
2

+

→ 5
2

+

) Eγ = 262.9± 0.2+0.4
−0.0 keV,
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where the quoted errors are statistical and systematic ones, respectively.

After the peak position was fixed as above, the systematic error for the lifetime

limit can be discussed from the following contributions:

1. γ-ray energy. Because the γ-ray energy was fixed for the lifetime simulation, the

error in the peak position will influence the accuracy of the lifetime. This effect

was estimated by shift the peak position ±0.45 keV. The lifetime obtained this

way was found to be:τ > 5 ps and τ > 7 ps respectively.

2. Angular distribution of γ rays. In the current simulation, the γ rays are assumed to

be distributed uniformly. The (π+, K+) reaction selectively populate the ∆L = 2

states. The populated 12
Λ C hypernucleus was aligned perpendicular to the reaction

plane. However, the actual distribution of the 11
Λ B : M1(7

2

+ → 5
2

+) transition is

expected to be smeared due to the convolution of the proton emission. Thus the

angular momentum alignment effect is assumed to be neglected.

3. Precision of the Hyperball2 coordinate. The measurement of the position of the

Ge detectors was supposed to have a spacial accuracy of ∼2 mm. The influence of

this effect on the derived lifetime was estimated by shifting the production vertex

as ±2 mm perpendicular to the beam direction. The lifetime limit obtained this

way was found to be τ > 6 ps

4. Stopping power. The accuracy of the SRIM package was estimated to be ∼5%.

This will result in an uncertainty of the lifetime simulation of ∼0.5 ps.

5. Feeding from higher excited states. The feeding from higher states to the 11
Λ B(7/2+)

state was assumed to be negligible because of the branching ratio of decay to the

11
Λ B(5/2+) state is much larger.
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6. Recoiling momentum due to proton emission. Because of the smallness of the

released kinetic energy during the proton emission (∼ 1 MeV), the modification

of the recoiling momentum is supposed to be negligible.

After including the systematic error based on the above discussion, the lifetime

can be finally determined to be

τ > 5 ps.
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Figure 4.12: The fitted results for the 11
Λ B : M1(7

2

+ → 5
2

+) transition.
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4.2.2 11
Λ B : E2(1

2

+ → 5
2

+
) and 11

Λ B : M1(3
2

+ → 1
2

+
) transitions

In the present experiment, the γ-ray transitions from the excited states of 11
Λ B

higher than 7/2+, such as E2(1
2

+ → 5
2

+) and M1(3
2

+ → 1
2

+) can be studied by gating

the highly excited states region of the 12
Λ C binding energy spectrum. In this region, a

peak at 1483 keV was observed. This γ-ray peak was also observed in the KEK-E518

experiment and assigned as 11
Λ B : E2(1

2

+ → 5
2

+).

In addition, a bump at∼ 505 keV was found for the highly excited states region.

Because of the low yields of the 505 keV γ rays, a peak can not be observed separately

from the 511 keV peak. The unnatural peak width of the 511 keV γ ray suggests the

existence of such a transition. The 505 keV γ ray was also observed in the previous KEK-

E518 experiment as a separate peak but not assigned yet, as shown in Appendix D. In

the present experiment, the γ ray at 505 keV was assigned to 11
Λ B : M1(3

2

+ → 1
2

+) tran-

sition. The evidence for the spin assignment comes from the cascade γ-ray spectrum

using γ-γ coincidence method.

As shown in Fig: 4.13, when the 500 keV < Eγ < 507 keV region in the γ-ray

spectrum was gated, a 4-counts γ-ray peak appeared at 1480±2.5 keV. The statistical

significance of the 1480 keV peak in the cascade γ-ray spectrum was estimated as follows.

The averaged background level for the cascade γ-ray spectrum in the 1000 keV<

Eγ <2000 keV was first estimated by selecting the 600 keV < Eγ < 1000 keV re-

gion in the γ-ray spectrum. There were 5898 counts in the 600 keV < Eγ < 1000 keV

region for the original γ-ray spectrum. The number of events in the cascade spectrum

was 122. The number of events in the 500 keV < Eγ < 507 keV region for the original

γ-ray spectrum was 483. Thus the averaged background for the cascade spectrum in

1000 keV < Eγ < 2000 keV in coincidence with a γ ray in the 500 keV < Eγ < 507 keV

region was estimated to be 122× 483
5898 ≈ 10. The number of background within 5 keV
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is then 10× 5
1000 = 0.05.

Using the Poisson distribution p(i), the probability that a peak with more than 4 counts

appears via random fluctuation is given by:

P (≥ 4) = 1−
3∑

i=0

p(i)

= 1−
3∑

i=0

0.05i · e−0.05

i!

= 6.1× 10−4.

The possibility for this 4-counts peak to appear by random fluctuation is thus excluded.

Other supports for the current spin assignment of the 505 keV γ ray can be

outlined as:

1, There were no other γ ray peaks in coincidence with the 505 keV transition.

2, The expected level scheme of the 11
Λ B is given in Fig. 4.14 [9]. The M1(1

2

+; 1 → 1
2

+)

transition is expected to be very fast (∼10 fs) and should be Doppler broadened. The

assignment to M1(3
2

+

2
→ 1

2

+) is not likely also because the 3/2+
2 state is expected to

be higher than the 1/2+;1 state and the (3
2

+

2
→ 1

2

+; 1) transition should be dominant.

So the M1(3
2

+ → 1
2

+) is the most likely assignment.
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Figure 4.13: The 1480 keV γ-ray transition observed as the cascade decay of 505 keV γ

rays.
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Figure 4.14: The 11
Λ B hypernucleus level scheme suggested by Millener [9]. The dashed

lines are for the tentative assignment made by Millener based on the results of the

KEK-E518 experiment. The red lines are the M1 transitions assigned by the present

experiment. The blue line is the E2 and M1 transition assigned by the KEK-E518

experiment.
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The yields of 11
Λ B : E2(1

2

+ → 5
2

+) and 11
Λ B : M1(3

2

+ → 1
2

+) transitions were

not sufficient for the lifetime estimation. Thus the following results from the KEK-E518

were taken for the following analysis:

τM1 = 2.8± 2.0 ps

τE2 > 15.0 ps.

The γ-ray spectrum was fitted with peak shape calculated from the simulation with the

lifetime given above. The fitted spectrum is shown in Fig. 4.15. The peak around 1435

keV in the Fig. 4.15a is assigned to 10B(1+
2 → 1+

1 ) 1436 keV and/or 10B(2+ → 1+
2 ) 1433

keV transitions. In the fitting of the 11
Λ B : M1(3

2

+ → 1
2

+) transition the 511 keV γ-ray

peak was fitted simultaneously with the response function. The fitted results are:

11
Λ B : E2(

1
2

+

→ 5
2

+

) Eγ = 1481.4± 0.4 keV

11
Λ B : M1(

3
2

+

→ 1
2

+

) Eγ = 502.4± 0.7 keV.

After the correction for the -1.5 keV energy shift during beam on, and taken into account

the systematic error in the calibration as shown in Fig. 3.15, the final results become:

11
Λ B : E2(

1
2

+

→ 5
2

+

) Eγ = 1482.9± 0.4± 0.2 keV

11
Λ B : M1(

3
2

+

→ 1
2

+

) Eγ = 503.9± 0.7± 0.2 keV.
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(b) Fitted result for the 11
Λ B : M1( 3

2

+ → 1
2

+
) transition together with the 511

keV peak.

Figure 4.15: Fitted results for the γ rays from excited 11
Λ B hypernuclear states.
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4.2.3 11
Λ B γ-ray yields as a function of −BΛ

The yield of the γ-ray transitions as a function of the binding energy can be

used as evidence for the spin assignment because it shows directly the origin of the γ-ray

transitions. Fig. 4.16 shows the yields of the 263 keV γ ray from the 11
Λ B : M1(7

2

+ → 5
2

+)

transition as a function of the 12
Λ C binding energy. The first two peaks fitted in Fig. 4.16

from left is the #5([11C(3/2−, g.s.)×(p3/2,1/2)Λ]) and #6([11C∗(1/2−)×pΛ]) peak in

Fig. 1.11, respectively. The relative height of these peaks were fixed according to the

cross section from the KEK-E369 given in Fig. 1.11. The peak width was taken from

the binding energy resolution of the present experiment (∼ 7 MeV FWHM). The data

in Fig. 4.16 suggests a new structure on the right side of the #6 peak. This could be

from the core excited state(s) coupled with the pΛ similar to the #6 peak. The most

possible origin of such a state is [11C∗(3/2−)×pΛ], which will be named as #7 peak for

convenience of the following discussion.

In fitting the #7 peak in Fig. 4.16, the peak width was fixed to be the energy

resolution while the height and peak position were used as free parameters. The fitted

result shows a energy spacing of ∼7 MeV between the #5 and the #7 peak. The level

spacing of 11C(g.s.) and 11C∗(3/2−2 ) state is ∼4.80 MeV. This difference could result

from a Λ hyperon induced effect. The height of the #7 peak is twice higher than that

of the #6 peak. If both of the #6 and the #7 peak are from the 11C core excited states

coupled with the pΛ, the peak height should be almost the same if they have the same

decay cross section to the 11
Λ B(7/2+) state because the #2 peak (11C(1/2−)×sΛ) and the

#3 peak (11C(3/2−2 )×sΛ) have almost the same production cross section (see Fig. 3.7a).

This deviation may further suggest that the #7 peak was composed of more than one

peak or the #7 peak is not [11C∗(3/2−)×pΛ] state but others that favor proton emission

to the 11
Λ B(7/2+) as the final state.
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The peak position and the peak height of the #7 peak so obtained from the

fitted result in Fig. 4.16 was used to fit the 12
Λ C binding energy spectrum together with

the other peaks (#1 ∼ #6) as shown in Fig. 4.17. The procedure of fitting to obtain

Fig. 4.17 is similar to the one used in Fig. 3.11, which was described in Chapter 3 besides

the new #7 peak. The measured cross section by KEK-E369 experiment was used to

fix the relative height of #1 ∼ #6 peaks. The peak spacing was also determined by the

result of the KEK-E369 experiment. The free parameters used to determine the #1 ∼

#6 peaks were the height and peak position of the #1 peak. The peak width, which

was assumed to be the same for the #1 ∼ #7 peaks, was taken as 7 MeV FWHM. In

order to fit the total spectrum well, the quasifree state (yellow curve) was left as free

parameters, whose shape was given in Eq. 3.8. The yield of the 11
Λ B(7/2+) state is also

drawn in Fig. 4.17. Here, the yield of the 11
Λ B(7/2+) state was obtained as the number

of the 263 keV γ rays divided by the absolute Hyperball2 photo-peak efficiency at this

energy. From Fig. 4.17, it was found that about a half of the #5 peak events decay

into the 11
Λ B(7/2+) state, while the decay branching ratio was theoretically estimated to

be about 10% by Motoba and Itonaga [57]. This large deviation could be explained by

including possible contribution from other 12
Λ C∗ states which were not taken into account

in Motoba-Itonaga’s calculation. The imperfect fitting function used in Fig. 4.17 could

also result in such deviation.



4.2. γ RAYS FROM THE 11
Λ B HYPERNUCLEUS 117

 [MeV]Λ-B
-20 -15 -10 -5 0 5 10 15 20

 [MeV]Λ-B
-20 -15 -10 -5 0 5 10 15 20

 r
ay

s/
2 

M
eV

γ
Y

ie
ld

 o
f 

20

40

60

80

100

120

Figure 4.16: The yield of the 263 keV γ ray as a function of the 12
Λ C binding energy.

The blue curves from the left to the right are #5, #6, #7 peaks described in the text.

The red line is the total fitting function.
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Figure 4.17: The 12
Λ C hypernucleus binding energy spectrum and the distribution of the

11
Λ B(7/2+) state (black points). The blue curves from the left are #1∼#4 peaks; the

green curves from the left to the right are #5∼#7 peaks. The yellow line is for the

quasifree states.
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The yield of the 1480 keV γ ray from the 11
Λ B : E2(1

2

+ → 5
2

+) transition and

the yield of the 505 keV γ ray from the 11
Λ B : M1(3

2

+ → 1
2

+) transition as a function of

12
Λ C binding energy are given in Fig. 4.18. In the region of 23 MeV < −BΛ, the 1483

keV and 505 keV γ-ray transitions were also observed. However, due to large errors

caused by low statistics, these data are not listed in Fig. 4.18. This fact also suggests

the complicated structure and decay mechanism for the highly excited 12
Λ C hypernuclear

states. The distribution of the 1480 keV γ rays is consistent with the KEK-E518 result:

the energy of the 11
Λ B(1/2+) state is too high to be populated by the #5 peak in the

12
Λ C binding energy spectrum. Thus a slight shift to the higher energy, compared with

Fig. 4.16, occurred. The yields of the 1480 keV γ ray was about a half of the 505 keV γ

ray. The photo-peak efficiency of the Hyperball2 is about 1.5% and 3% for these γ rays,

respectively. The low yield of the 1480 keV γ ray suggests that the decay process from

the highly excited states of the 12
Λ C hypernucleus favored the 11

Λ B(3/2+) as the final state

instead of the 11
Λ B(1/2+). The observed 4-counts cascade 1480 keV γ-ray spectrum also

supports this idea. The 1480 keV transition could also have a long lifetime so that the

weak decay process takes a certain branching ratio and the yield of the 1480 keV γ ray

would be suppressed. The distribution of the 11
Λ B(3/2+) state, which is obtained from

the 505 keV γ-ray yield and the photo-peak efficiency, is given in Fig. 4.19. It should

be noticed that the actual error could be larger than the statistical error bar given in

Fig. 4.18 and Fig. 4.19 because the fitting result is sensitive to the peak shape used,

which is different according to the lifetime. The error caused by the uncertainty of the

lifetime was not included.

The 1435 keV γ-ray peak observed in Fig. 4.15a was most likely from the

excited states of the 10B (1+ and 2+), which were populated by the proton emission in

the 12
Λ C quasifree states. By comparing the γ-ray yields, the relative production cross
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section of the 10B (1+ and 2+) states was found to be about 85% of the production cross

section of the 11
Λ B(1/2+) state.
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Figure 4.18: The yields of the 505 keV and 1480 keV γ rays as a function of the 12
Λ C

binding energy. The red point represents the yield of the 505 keV γ ray; the green point

is for the 1480 keV γ ray.
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Figure 4.19: The 12
Λ C hypernucleus binding energy spectrum and the distribution of the

11
Λ B(3/2+) states (red points). The fitted peaks (blue, green, yellow lines) are the same

as in Fig. 4.17.
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4.3 γ rays from the 12
Λ C hypernucleus

The γ rays emitted from the 12
Λ C hypernucleus can be observed by gating the

particle stable sΛ states in the binding energy spectrum. The 12
Λ C hypernuclear level

scheme and possible γ-ray transitions predicted by theory are shown in Fig. 4.20. The

branching ratios (from Millener’s calculation) are also shown [44].
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Figure 4.20: The states and possible transitions for the sΛ states of 12
Λ C.

The present experiment observed three γ-ray peaks for 12
Λ C hypernucleus, which

were assigned as:

12
Λ C : M1(1−2 → 2−1 ) Eγ = 2670 keV,

12
Λ C : M1(1−2 → 1−1 ) Eγ = 2833 keV,

12
Λ C : M1(2−1 → 1−1 ) Eγ = 162 keV.

These three γ-ray transitions give the consistent result for the ground state
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doublet splitting of 12
Λ C for the first time. This result is important to test universality

of the ΛN spin-dependent interaction strength (∆) and to examine contribution of the

three-body ΛNN effects to the p-shell hypernucleus. It is also expected to provide

information to solve the 10
Λ B puzzle.

4.3.1 12
Λ C : M1(1−2 → 2−1 ) and 12

Λ C : M1(1−2 → 1−1 ) transitions

In order to observe these M1 transitions, Doppler shift correction is necessary.

The stopping time of the recoiling 12
Λ C inside the (CH2)n target was about 3 ps while the

lifetime of 2.6 MeV M1 transition γ ray is of the order of fs. The γ-ray peak was thus

Doppler broadened and could be found after the Doppler shift correction. Fig. 4.21a is

the spectrum without applying the Doppler shift correction. Fig. 4.21b is the spectrum

after applying the Doppler shift correction. Two peaks around 2670 keV and 2830 keV

were observed clearly in Fig. 4.21b.

The observed γ-ray peak at 2670 keV is assigned to the (1−2 → 2−1 ) transition

because it has a relatively large branching ratio compared with the (1−2 → 1−1 ) transition,

which is calculated to be 3:1 in the weak coupling limit and 77:23 in the shell model

calculation as shown in Fig. 1.11. The Doppler shift corrected results were fitted with

the simulated peak shape assuming the lifetime to be much faster than the stopping

time (< 0.1 ps). A constant background was used in the fitting.

The fitted results are:

12
Λ C : M1(1−2 → 2−1 ) Eγ = 2668.7± 2.6 keV,

12
Λ C : M1(1−2 → 1−1 ) Eγ = 2832.4± 5.6 keV.

After corrected for the -1.5 keV energy shift during the beam-on period, and

taking into account the systematic error in the calibration as shown in Fig. 3.15, the
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final results are:

12
Λ C : M1(1−2 → 2−1 ) Eγ = 2670.2± 2.6± 0.3 keV,

12
Λ C : M1(1−2 → 1−1 ) Eγ = 2833.9± 5.6± 0.3 keV.

Also from the fitting, the number of γ rays for each peak was found to be:

2670 keV: counts = 48± 9

2834 keV: counts = 19± 7,

which has a consistent branching ratio with the shell model calculation in weak coupling

limit. Therefore, the spin ordering of the ground state doublet was determined to be 1−

for the lower state and 2− for the upper state. The statistical significance of the 2834

keV peak was ∼ 3σ.

The M1(1−2 → 2−1 ) γ-ray energy is consistent with the results of the previous

reaction spectroscopy experiment (KEK-E369), from which the excitation energy was

measued to be 2.62±0.06 MeV [44]. The number of counts for these two peaks is

consistent with the predicted branching ratio. The energy spacing of these transitions

shows the ground state splitting of the 12
Λ C hypernucleus to be 163.7±6.2 keV, whose

direct M1 transition will be discussed in the next section.
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Figure 4.21: γ-ray spectra from the sΛ states region of 12
Λ C (a) before and (b) after

Doppler correction.
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Figure 4.22: The fitted results for the γ-ray spectrum from the 12
Λ C sΛ states region.

The observed two peaks are assigned to 12
Λ C : M1(1−2 → 2−1 ) and 12

Λ C : M1(1−2 → 1−1 )

transitions.
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4.3.2 12
Λ C : M1(2−1 → 1−1 ) transition

A γ-ray peak was clearly observed at ∼ 160 keV by gating the lower energy

part of the sΛ states in the 12
Λ C binding energy spectrum (−18 MeV< −BΛ <−8 MeV).

This γ ray is attributed to the transition between the ground state doublet members

(M1(2−1 → 1−1 )). When the binding energy gate is set at higher energies, a γ ray peak

with the ∼157 keV energy also appeared 2. Because the energy resolution of Hyperball2

is about 5 keV (FWHM), it is difficult to separate these two peaks.

The fitted result is shown in Fig. 4.23. The peak shape used in this fitting is

from the response function without Doppler shift effect since the lifetime is estimated to

be of the order of 400 ps from Eq. 1.5. Taking into account the −1.5 keV energy shift

during the beam-on period and a systematic error of 0.3 keV, the final result is:

12
Λ C : M1(2−1 → 1−1 ) Eγ = 161.4± 0.7± 0.3 keV.

This is consistent with the result obtained from the energy difference of the M1 tran-

sitions described in the last section within statistical error. No cascade γ rays from

12
Λ C : M1(1−2 → 2−1 → 1−1 ) transitions was observed. Considering the number of events

in 12
Λ C : M1(1−2 → 2−1 ) transition (∼ 60 counts) and the absolute Hyperball2 efficiency

for 160 keV γ rays (∼6%), this is a reasonable result due to statistical fluctuation3.

2The ∼157 keV γ rays were most likely from some hyperfragment which will be discussed in detail
in the next section.

3The weak decay process takes certain branching ratio, which further suppress the 160 keV γ-ray
transition.
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Figure 4.23: The γ-ray spectrum from −18 MeV < −BΛ <−14 MeV region without

Doppler correction. A peak observed at 160 keV was assigned to the 12
Λ C(2−1 → 1−1 )

transition.
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4.3.3 12
Λ C γ-ray yields as a function of −BΛ

It is difficult to estimate the yield of the 160 keV γ ray because the 157 keV

γ-ray peak is not resolved well. This subsection will focus on the yield of the 2670 keV

γ ray and the 12
Λ C(1−2 ) state.

The yield of the 2670 keV γ ray as a function of the 12
Λ C hypernucleus binding

energy is given in Fig. 4.24. The yield of the 12
Λ C(1−2 ) state together with the fitted 12

Λ C

hypernucleus binding energy spectrum is given in Fig. 4.25. The yield of the 12
Λ C(1−2 )

state was obtained from the 2670 keV γ ray yield and the photon-peak efficiency of the

Hyperball2 at this energy. The slightly more yield of the 12
Λ C(1−2 ) state than the #2

peak used in the fitted spectrum, particularly at higher energies, may suggest that the

feeding from higher state (#3 peak and #4 peak) is large. Another explanation is that

the actual distribution of the #1∼#7 peak of the 12
Λ C binding energy spectrum was not

Gaussian but has an asymmetric shape, which possibly resulted from the energy loss

correction used.
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Figure 4.24: The yield of the 2670 keV γ ray as a function of the 12
Λ C binding energy.

This gives the -BΛ distribution for the 12
Λ C(1−2 ) state.
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Figure 4.25: The 12
Λ C hypernucleus binding energy spectrum and the distribution of the

12
Λ C(1−2 ) state (blue points). The fitted peaks (blue, green, yellow lines) are the same as

in Fig. 4.17.
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4.4 The γ rays from hyperfragments

When the −BΛ region, which is higher than the sΛ states region, was gated, a

peak was observed at ∼ 157 keV. This peak position is different from the 160 keV peak,

which was observed in the sΛ states region, considering the accuracy of γ-ray energy

measurement in the present experiment. If the wide −BΛ region (−18 MeV < −BΛ <

20 MeV) is gated and the peak at 157∼160 keV (see Fig. 4.29) is fitted with a singal

Gaussian, the peak width turns out to be ∼3 keV(r.m.s). This width is much wider

than the resolution (∼2 keV for r.m.s4) at this energy.

The proper method to observe the ∼157 keV γ-ray transition is to choose the

binding energy far from the sΛ states to avoid the mixing from the 160 keV γ ray.

The value used to obtain Fig. 4.26 is 7 MeV< −BΛ <18 MeV. From the 12
Λ C binding

energy, where the 157 keV γ rays were observed, it is very likely that the 157 keV γ

rays were emitted from hyperfragments which decayed from highly excited states of the

12
Λ C hypernucleus. The energetically possible hyperfragments populated as the decay

products of 12
Λ C hypernucleus are given in Fig. 4.27. Regarding to the energy and

lifetime of this 157 keV γ-ray transition, it is most likely to be a Λ hyperon spin-flip M1

transition of a hyperfragment. Among the possible candidates listed in Fig. 4.27, 10
Λ Be

and 10
Λ B are more likely to be the source of this 157 keV γ ray. Since the 10

Λ B(2− → 1−)

transition was not observed in BNL E930(’01) and the spacing of E(2−)-E(1−) was found

to be less than 100 keV, and the 10
Λ B(1−) state is not expected to be 157 keV higher

than the 10
Λ B(2−) state because of the ∆ value, the observed transition is most likely to

be the Λ-spin-flip M1 transition of 10
Λ Be.

4This result was obtained from the 197 keV γ ray emitted from the 19F with the π+K+ trigger.
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Figure 4.26: The γ-ray spectrum from the region of 7 MeV < −BΛ < 18 MeV.
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Figure 4.27: Energy thresholds for the possible hyperfragments populated in the KEK-

E566 experiment.
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4.5 Summary

The present experiment (KEK-E566) has observed and assigned six hypernu-

clear γ-ray transitions as:

11
Λ B : M1(

7
2

+

→ 5
2

+

) Eγ = 262.9± 0.2+0.4
−0.0 keV,

11
Λ B : E2(

1
2

+

→ 5
2

+

) Eγ = 1482.9± 0.4± 0.2 keV,

11
Λ B : M1(

3
2

+

→ 1
2

+

) Eγ = 503.9± 0.7± 0.2 keV,

12
Λ C : M1(1−2 → 2−1 ) Eγ = 2670.2± 2.6± 0.3 keV,

12
Λ C : M1(1−2 → 1−1 ) Eγ = 2833.9± 5.6± 0.3 keV,

12
Λ C : M1(2−1 → 1−1 ) Eγ = 161.4± 0.7± 0.3 keV.

A possible γ-ray transition from a hyperfragment at ∼157 keV was also found, which

was most likely to be emitted from a Λ hyperon spin-flip M1 transition. The yields of

these γ rays, except the 160 and 157 keV γ rays, as a function of the 12
Λ C hypernucleus

binding energy, are given in Fig. 4.28.

The yield of the 263 keV γ ray suggests the existence of a highly excited state

of 12
Λ C beyond the #6 peak observed in the KEK-E369 experiment [44]. The yields of the

505 keV and the 1480 keV γ rays show that the 11
Λ B(3/2+) state is favored as the final

state of the proton emission decay channel instead of the 11
Λ B(1/2+) state. However,

the large uncertainty in the fitting process to obtain this result, which comes both from

the uncertainty of the lifetime and the overlap with the 511 keV peak, makes it hard

to draw a definite conclusion. The slightly larger yields of the 12
Λ C(1−2 ) state than the

fitted result for the first core excited state (#2 peak) suggests the possibility that the

fitting function used in the current analysis is not ideal. However, the feeding from the

other core excited states could also cause such a large yield of the 12
Λ C(1−2 ) state. Except
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these possibilities, the yield of the γ rays as a function of the 12
Λ C hypernucleus binding

energy supports the current spin assignment.

The total number of counts for the 160 keV and 157 keV γ-ray peaks was

obtained by gating the wide 12
Λ C hypernucleus binding energy region of −18 MeV<

−BΛ <20 MeV and fitting with two peaks whose positions were fixed as 160 keV and

157 keV respectively, as shown in Fig. 4.29. The results obtained this way are:

160 keV: counts = 88± 54,

157 keV: counts = 209± 55.

This result can be used to discuss the lifetime of the 12
Λ C : M1(2−1 → 1−1 ) transition,

which provides the information for the gΛ factor inside nuclear medium. This discussion

will be given in Chapter 5.
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Figure 4.28: The yields of the observed hypernuclear γ-ray transitions as a function of

12
Λ C binding energy. The blue point is for the 2670 keV transition assigned to 12

Λ C :

M1(1−2 → 2−1 ) transition; the black point is for the 263 keV transition assigned to

11
Λ B : M1(7

2

+ → 5
2

+) transition; the red point is for the 505 keV transition assigned to

11
Λ B : M1(3

2

+ → 1
2

+) transition; the green point is for the 1480 transition assigned to

11
Λ B : E2(1

2

+ → 5
2

+) transition.



136 CHAPTER 4. HYPERNUCLEAR γ-RAY SPECTRUM

-ray energy [keV]γ
0 50 100 150 200 250 300

-ray energy [keV]γ
0 50 100 150 200 250 300

C
o

u
n

ts
/2

 k
eV

0

50

100

150

200

250

300

Figure 4.29: Number of counts of 160 keV (green) and 157 keV (blue) γ-ray peaks.
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Chapter 5

Discussion and conclusion

5.1 Overview

From Chapter 4, totally six γ-ray transitions from 11
Λ B and 12

Λ C hypernuclei

were observed and assigned. The corresponding hypernuclear level schemes derived

from these results are given in Fig. 5.1.

The hypernuclear level schemes shown in Fig. 5.1 make the discussion of the

following topics possible, which will be given in the rest of this Chapter:

I, Test the universality of the previously determined ΛN interaction parameters;

II, Study the effects of the ΛNN three-body interaction;

III, Measure the g-factor of the Λ hyperon inside the nuclear medium;
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Figure 5.1: The hypernuclear level scheme discovered in the KEK-E566 experiment. Red

arrows are γ transitions observed and assigned in KEK-E566 for the first time, while a

blue arrow shows a γ transition also observed and assigned in the previous KEK-E518

experiment. A correction (order of ∼ keV) induced by the recoiling during the γ ray

emission was included.



5.2. THE SPIN-DEPENDENT ΛN INTERACTION PARAMETERS 139

5.2 The spin-dependent ΛN interaction parameters

The nucleon spin-dependent interaction parameter SN is most sensitive to the

difference between the weighted averages of the 11
Λ B(3/2+, 1/2+) and the 11

Λ B(7/2+,

5/2+) doublet energies because the other interaction parameters are canceled out in

the final expression as introduced in the Appendix B. By using a similar expression as

Eq. 1.2, the SN value can be obtained from:

E(3/2+, 1/2+)− E(7/2+, 5/2+) = E(10B:1+)− E(10B:3+)

+ 0.004∆− 0.0070SΛ − 1.044SN − 0.025T (Millener)

= 0.951 + 0.718 MeV (exp.)

⇒ SN ∼ −0.9 MeV,

where E(J1, J2) = [(2J1 + 1)E(J1) + (2J2 + 1)E(J2)]/(2J1 + 2J2 + 2). The following

values were used for the interaction parameters other than SN in the above calculation:

∆ = 0.43 MeV, SΛ = −0.015 MeV, T = 0.03 MeV.

This is twice larger in magnitude than the previously obtained value from 7
ΛLi (SN ∼

−0.4 MeV).

In order to reproduce the level energy of the 12
Λ C(1−2 ) state, a large negative

SN parameter is also necessary, which can be estimated as follows:

E(1−2 )− E(1−1 ) = ∆EC + 0.315∆ + 1.150SΛ − 1.104SN + 0.635T + 0.045 (Millener)

= 2.833 MeV (exp.)

⇒ SN ∼ −0.6 MeV,

where the last term (0.045 MeV) is for the ΛΣ effect estimated by Millener. The following

values were used for the interaction parameters other than SN in the above calculation:

∆ = 0.43 MeV, SΛ = −0.015 MeV, T = 0.03 MeV.
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The SN value obtained this way is again considerably larger in negative than the value

extracted from 7
ΛLi . Recalling the fact that the previous numerical value of SN (∼ −0.4

MeV) can reproduce the 13
Λ C(3

2

+ → 1
2

+) and 16
Λ O(1− → 1−) transitions very well [9], a

improved shell model calculation seems necessary to account for such a large discrepancy,

especially for the nuclear core wave function part.

The energy spacing of the 12
Λ C ground state doublet (spacing between the

12
Λ C(2−1 ) and the 12

Λ C(1−1 ) states) and 11
Λ B ground state doublet (spacing between the

11
Λ B(7/2+) and the 11

Λ B(5/2+) states) can be used to calculate the spin-spin interaction

strength, ∆. The ∆ value was derived from 12
Λ C hypernucleus as follows:

E(2−1 )− E(1−1 ) = 0.540∆ + 1.440SΛ + 0.046SN − 1.720T + 0.058 (Millener)

= 0.162 MeV (exp.)

⇒ ∆ ∼ 0.485 MeV,

where the last term (0.058 MeV) is for the ΛΣ effect estimated by Millener. Here, the

following values for the interaction parameters other than ∆ were used

SN = −0.6 MeV, SΛ = −0.015 MeV, T = 0.03 MeV.

The ∆ value was also derived from 11
Λ B hypernucleus as follows:

E(7/2+)− E(5/2+) = 1.025∆ + 2.467SΛ + 0.027SN − 3.359T + 0.055 (Millener)

= 0.263 MeV (exp.)

⇒ ∆ ∼ 0.395 MeV,

where the last term (0.055 MeV) is the ΛΣ effect estimated by Millener. Here, the

following values for the interaction parameters other than ∆ were used:

SN = −0.9 MeV, SΛ = −0.015 MeV, T = 0.03 MeV,

The ∆ values determined from different hypernuclei are summarized in Ta-

ble 5.1. The values for SΛ and T used in the Table 5.1 are based on the data from
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9
ΛBe and 16

Λ O as mentioned in Chapter 1. It should be noticed that the ∆ value for

the 11
Λ B and 12

Λ C hypernuclei are enlarged in order to balance the large negative SN

term, which has an opposite contribution. If the unusually large SN value is changed

by new coefficients in updated calculations, the ∆ value will be different. For example,

by ignoring the large core excitation energy of 11
Λ B and 12

Λ C and focusing on the ground

state spacing only, Millener suggests the following data set for both 11
Λ B and 12

Λ C:

∆ = 0.330 MeV, SΛ = −0.015 MeV, SN = −0.350 MeV, T = 0.0239 MeV,

which can explain the 263 keV and 162 keV spacings well. The ∆ values derived by

assuming Millener’s theoretical value for the other interaction parameters are also given

in the Table 5.1 for comparison. The same data set also reproduces the 16
Λ O(2−, 1−)

spacing well with almost the same ∆ value of ∆=0.315 MeV. Thus it was found that

the value ∆ ∼ 0.33 MeV can explain the p-shell hypernuclei of A≥11, but a larger value

of ∆ = 0.43 MeV is necessary for the light (A=7) hypernuclei.
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5.3 The ΛNN three-body interaction in the p-shell hyper-

nuclei

The ΛΣ effects for the 10
Λ B and 12

Λ C hypernuclei ground-state doublet spacing

from Millener’s calculation is shown schematically in Fig. 5.2. From Eq. 1.4 and the

result shown in Fig. 5.1b, the ΛΣ coupling effect 1 for the 12
Λ C hypernucleus is derived to

be ∼ 20 keV 2. The calculation by Millener predicts a value of ∼ 50 keV, which is twice

larger than the experimental result. Since the energy shift due to the ΛΣ coupling in the

10
Λ B ground-state doublet spacing has the opposite sign to the 12

Λ C spacing, as described

in Chapter 1, the experimental data implies that the ΛΣ effect seems not strong enough

to solve the 10
Λ B puzzle.

It should be noted that in the calculation for the ΛΣ effect, Millener employed

the same interaction as Akaishi, which is derived from (NSC97e, f). The data seems to

suggest that the ΛΣ coupling force in NSC97e,f is too strong. The result for ΛΣ effect

will be changed if a different type of interaction is used, which may produce satisfactory

answer for the 10
Λ B puzzle [58]. However, as can be seen from the last section, the large

deviation of the SN term may suggest that a more sophisticated shell model calculation

is necessary. A recent few-body calculation done by Hiyama, which is still undergoing,

suggests a possible solution for the 10
Λ B puzzle by including the p-wave interaction, which

reduces the doublet spacing more in 10
Λ B than 7

ΛLi.

1For a detailed introduction of ΛNN three-body interaction and ΛΣ coupling effects, please refer to
Appendix E.

2The interaction parameters used here is ∆=0.47, SN=−0.58, SΛ=−0.015, T=0.03 as shown in Table
21 of [9].
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Λ B and 12

Λ C ground-state doublet spacing from

Millener’s calculation.
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5.4 The gΛ factor

The gΛ factor can be derived from the lifetime of the Λ spin-flip M1 transitions.

The lifetime of 11
Λ B : M1(7

2

+ → 5
2

+) transition obtained by the DSAM method in

Chapter 4 was derived to be τ > 5 ps. This corresponds to B(M1) < 0.446 [µ2
N ]. From

this result and Eq. 1.5 the gΛ value is derived as:

gΛ > −1.76 [µN ],

where the g-factor of 10B(3+) (0.600214933±0.000000002 [µN ]) is used for gcore and gΛ

is assumed to be negative as in free space (gΛ free space = −1.226± 0.008 [µN ])[59][60].

A lower limit of the gΛ factor inside the 10B nuclear medium is thus set to be −1.49

[µN ].

The 160 keV γ ray from 12
Λ C : M1(2−1 → 1−1 ) transition can also be employed

to derive the value of gΛ by assuming the lifetime of weak decay. Since the photo-peak

efficiency of the Hyperball2 at the energy of 2.670 MeV was about 1.0%, the yield of

the 2−1 state due to the feeding from the 1−2 state is expected to be

Yield of 2−1 state from 1−2 → 2−1 =
Yield of 2670 keV γ ray

Hyperball2 efficiency at 2670 keV

=
65± 14
1.0%

= 6500± 1400.

By including the feeding from the 1−3 state and the direct production of the 2−1 state,

whose cross section was taken from theoretical calculations as listed in Fig. 1.11, the total

yield of the 2−1 state is estimated to be 7716±1415. Not all of the 2−1 state events decay

via EM transition, since the weak decay has a considerable branching ratio because of

the long lifetime of this M1 transition. Observed counts of 163 keV γ ray was 88.4 ±

53.8 as shown in Chapter 4. Thus the branching ratio for the 2−1 state decaying via M1
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transition can be calculated as:

Branching ratio of the M1 transition: Br =
Yield of 160 keV γ ray

Hyperball2 efficiency at 160 keV

× 1
Yield of the 2−1 state

× 100%

=
88± 54

6%
× 100

7716± 1445
%

= 19%± 12%.

The lifetime of the weak decay was measured to be 1/Γweak = 230.7 ± 16.3 ps

for the 12
Λ C(1−1 ) ground state, where a small amount of the excited states such as 2−1 , 1−2

and 1−3 are mixed [61]. By assuming the weak decay lifetime of 12
Λ C(1−1 ) and 12

Λ C(2−1 )

are the same, the M1 transition probability is derived to be

ΓM1 =
Br

1−Br
Γweak = 1.017± 0.796 [ns−1].

By using gcore for the g-factor of 11C(3/2−) (−0.6427±0.0007 [µN ] ), gΛ is derived as

gΛ = −1.0396 ± 0.4069 [µN ] [59]. It is hard to draw a conclusion how much of the gΛ

value is modified due to the nuclear medium effect because of the large ambiguity in

determining the yield of the 160 keV γ ray. Also the theoretical value used to estimate

the yield of the 2−1 state may cause further uncertainty. Further investigation on Λ

hyperon spin-flip M1 transition using different hypernuclear doublet states with shorter

lifetime is necessary in order to achieve a good accuracy for gΛ value with DSAM.
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5.5 Conclusion

As a conclusion, totally six γ-ray peaks were observed and confirmed to be

emitted from the hypernucleus as:

11
Λ B : M1(

7
2

+

→ 5
2

+

) Eγ = 262.9± 0.2+0.4
−0.0 keV,

11
Λ B : E2(

1
2

+

→ 5
2

+

) Eγ = 1482.9± 0.4± 0.2 keV,

11
Λ B : M1(

3
2

+

→ 1
2

+

) Eγ = 503.9± 0.7± 0.2 keV,

12
Λ C : M1(1−2 → 2−1 ) Eγ = 2670.2± 2.6± 0.3 keV,

12
Λ C : M1(1−2 → 1−1 ) Eγ = 2833.9± 5.6± 0.3 keV,

12
Λ C : M1(2−1 → 1−1 ) Eγ = 161.4± 0.7± 0.3 keV.

Based on these results, the 11
Λ B and 12

Λ C hypernuclear fine structure was experimentally

determined. A γ ray peak at ∼157 keV, which was possiblly origined from a hyperfrag-

ment, was also observed.

The spin-spin interaction term, ∆, was derived from the ground state doublet

spacing of 12
Λ C and 11

Λ B to be ∼0.33 MeV. The nucleon spin-dependent spin-orbit interac-

tion, SN , was determined to be SN ∼ −0.9 MeV. The SN obtained this way is in a large

deviation from the previous result (SN ∼ −0.4 MeV). It seems that a more sophisticated

shell model calculation is necessary to understand this difference. The ground state dou-

blet spacing of the 12
Λ C hypernucleus was used to derive the ΛNN three-body interaction

strength to be ∼ 20 keV. This value is smaller than the shell model calculation (∼50

keV) based on the Nijmegen soft core model NSF97f.

In this dissertation, the lifetime of Λ spin-flip M1 transition was employed

to derive the g-factor for the Λ hyperon inside nuclear medium. From the lifetime of

11
Λ B : M1(7

2

+ → 5
2

+) transition, gΛ inside the 10B nuclear medium was derived to be
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gΛ > −1.76 [µ2]. From the lifetime of 12
Λ C : M1(2−1 → 1−1 ) transition, gΛ inside the 11C

nuclear medium was derived to be gΛ = −1.0396± 0.4069 [µN ].
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Appendix A

Two-body ΛN effective

interaction

Appendix A gives an introduction to the theoretical treatment for the two-body

effective ΛN interaction. The level energies in hypernucleus can generally be expressed

as

E = 〈ΨHY |H|ΨHY 〉 , (A.1)

where ΨHY is the wave function of the hypernuclear state and H is the total Hamiltonian.

The total Hamiltonian can be written as :

H =
A−1∑

i

ti +
1
2

A−1∑
i,j=1

Vij + tΛ +
A−1∑
i=1

ViΛ,

where the ti (tΛ) is the kinetic energy of the i-th nucleon (Λ hyperon) and Vij (ViΛ) is the

interaction potential between the i-th and j-th nucleon (i-th nucleon and Λ hyperon).

To focus on the ΛN interaction, (A.1) can be rearranged to be

E =

〈
ΨHY

∣∣∣∣∣(Hcore + tΛ +
A−1∑
i=1

ViΛ)

∣∣∣∣∣ΨHY

〉
, (A.2)

where Hcore term is for the total nuclear Hamiltonian. Because the current work treats

low-lying states of p-shell hypernuclei in the shell model, four nucleons and A-5 nucleons
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are in the sN and pN orbits, respectively, and it is convenient to further clarify ViΛ into

A−1∑
i=1

ViΛ = VΛα(rΛ − rα) +
A−5∑
i=1

VΛNi(rΛ − rNi
). (A.3)

Here, VΛα is the potential between α, namely nucleons in the s-orbit coupled to L = 0

and S = 0, and a Λ in the s-orbit (sNsΛ). VΛNi is the potential between i-th nucleon in

the p-orbit and a Λ (pNisΛ). In the shell model description, the Λ hyperon is assumed

to be always in the sΛ-orbit, for the low-lying states of p-shell hypernuclei. This term

is expressed using the ΛN effective interaction potential given in Eq. 1.1 as

A−5∑
i=1

VΛNi(rΛ − rNi
) = (A− 5) · V0(rΛN) +

A−5∑
N

Vσ(rΛN)sN · sΛ

+
A−5∑
N

VN (rΛN)lNΛ · sN +
A−5∑
N

VΛ(rΛN)lNΛ · sΛ +
A−5∑
N

VT (rΛN)SNΛ,

(A.4)

where rΛN is the distance between the Λ hyperon and N-th nucleon.

For the shell model calculation, the total wave function can be expressed in

terms of single particle wave functions of nucleons (φi(ri)) and of a Λ hyperon (φΛ(rΛ))

as:

ΨHY (r1, r2, . . . , rA−1, rΛ) = A[φ1(r1)φ2(r2) . . . φA−1(rA−1)]φΛ(rΛ), (A.5)

where the A is the antisymmetric operator. Since the spatial components of the matrix

elements are considered to be the same for any combination of pNsΛ, the strengths of

the interaction are expressed in terms of five parameters (V , ∆, SN , SΛ and T )1.

As an example, some terms that contribute the ground state doublet spacing

of 12
Λ C will be calculated. The configuration of 12

Λ C is shown in Fig. A.1. The core

nucleus 11C is assumed to interact with Λ as a whole without changing the structure

of the core state, which is known as weak coupling scheme. Then the ground state of

11C (3
2

−) splits into two levels depends on the Λ spin direction. The ∆ term can be
1For example, ∆ =

R
φ∗ΛN (r)Vσ(r)φΛN (r)r2dr, where φΛN (r) is the radial part of the relative wave
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Figure A.1: Ground state doublet configuration in 12
Λ C

calculated from Eq. (A.2) as

E∆ =

〈
ΨHY

∣∣∣∣∣Hcore + tΛ + VΛα(rΛ − rα) +
A−5∑
i=1

VΛNi(rΛ − rNi
)

∣∣∣∣∣ΨHY

〉

=

〈
ΨHY

∣∣∣∣∣
A−5∑
N

Vσ(rΛN)sN · sΛ

∣∣∣∣∣ΨHY

〉
+ other

= 〈J |Sc · sΛ|J〉 ·∆ + other

=
1
2
〈J |(Sc + sΛ)2 − Sc

2 − sΛ2|J〉 ·∆ + other,

(A.6)

where other denotes the terms that do not contain the sN · sΛ operator. Here, J is the

total angular momentum of the whole hypernucleus, Sc =
∑A−5

N=1 sN is the total spin of

the core nucleus and sΛ is the spin of the Λ. The total angular momentum of the core,

JC, where |Jc〉 =
∑

Lc,Sc
CLc,Sc |Jc;LcSc〉, is a good quantum number within jj coupling

scheme but the total spin J′ = Sc ⊗ sΛ is not. In this case, |J〉 has to be decomposed

into eigenfunctions of J′ = Sc ⊗ sΛ using Racah coefficients. |J〉 is expressed in terms

of 6j-symbols as

|J〉 =
∑
J ′

(−1)Lc+Sc+SΛ+J
√

(2Jc + 1)(2J ′ + 1)


Lc Sc Jc

sΛ J J ′

 |(ScsΛ)J ′, Lc;J〉, (A.7)

where Jc = Lc ⊗ Sc, J ′ = Sc ⊗ sΛ and J = Lc ⊗ Sc ⊗ sΛ. Since the 11C(3
2

−) state has

the SC=1/2 and LC=1 configuration, Eq. A.7 gives |2〉 = |J ′ = 1; 2〉 and

|1〉 = 1√
3
|J ′ = 1; 1〉 + 2√

3
|J ′ = 0; 1〉. The contribution to the spacing from the ∆ term

function between a Λ in the s-orbit and a nucleon in the p-orbit.
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can be written as

E∆(2−)− E∆(1−) =
1
2
(〈2|(Sc + sΛ)2|2〉 − 〈1|(Sc + sΛ)2|1〉) ·∆

=
1
2
(1 · (1 + 1)︸ ︷︷ ︸

J=2

− 1
3
· 1 · (1 + 1)− 2

3
· 0 · (0 + 1)︸ ︷︷ ︸

J=1

) ·∆

=
2
3
∆.

(A.8)

Similarly, the SΛ term can be obtained by

ESΛ
=

〈
ΨHY

∣∣∣∣∣
A−5∑
N

VΛ(rΛN)lNΛ · sΛ

∣∣∣∣∣ΨHY

〉

= 〈J |lNΛ · sΛ|J〉 · SΛ + other

=
1
2
〈J |(lNΛ + sΛ)2 − lNΛ

2 − sΛ2|J〉 · SΛ + other,

(A.9)

where other denotes the terms that do not contain the lNΛ · sΛ operator. Similar to

the case of ∆, the lNΛ+sΛ is not a conserved quantity. The state |J〉=|Jc, sΛ〉 needs to

be decomposed into the eigenstates of J ′ = lNΛ ⊗ sΛ = Lc ⊗ sΛ. The state |J〉 can be

expressed as

|J〉 =
∑
J ′

(−1)Lc+Sc+SΛ+J
√

(2Jc + 1)(2J ′ + 1)


Sc Lc Jc

sΛ J J ′

 |(LcsΛ)J ′, sc;J〉,

(A.10)

Therefore, |2〉 = |J ′ = 3/2; 2〉 and |1〉 = 2
√

2
3 |J ′ = 1/2; 1〉 + 1

3 |J
′ = 3/2; 1〉. The

contribution to the spacing from the SΛ term can be written as

ESΛ
(2−)− ESΛ

(1−) =
1
2
(〈2|(lNΛ + sΛ)2|2〉 − 〈1|(lNΛ + sΛ)2|1〉) · SΛ

=
1
2
(
3
2
· (3

2
+ 1)︸ ︷︷ ︸

J=2

− 8
9
· 1
2
· (1

2
+ 1)− 1

9
· 3
2
· (3

2
+ 1)︸ ︷︷ ︸

J=1

) · SΛ

=
4
3
SΛ.

(A.11)

Millener calculated in a more sophisticated method based on a shell model for s4pA−5sΛ

configuration. The above results were modified to be 0.47∆ and 1.51SΛ, respectively.
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A systematic calculation for both LS coupling and JJ coupling can be found in

page 77 of [9]. The LS coupling scheme is most useful in the light hypernuclei (p3/2-shell

hypernuclei) and the JJ coupling is more convenient for the p1/2-shell hypernuclei. The

results are summarized as follows:

LS coupling:

〈3P0|V |3P0〉 = V̄ +
1
4
∆− 2S+ − 6T

〈3P1|V |3P1〉 = V̄ +
1
4
∆− S+ + 3T

〈3P2|V |3P2〉 = V̄ +
1
4
∆ + S+ −

3
5
T

〈1P1|V |1P1〉 = V̄ − 3
4
∆

〈3P1|V |1P1〉 = −
√

2S−

JJ coupling:

〈p3/21
−|V |p3/21

−〉 = V̄ − 5
12

∆− 1
3
S+ + T − 4

3
S−

〈p3/22
−|V |p3/22

−〉 = V̄ +
1
4
∆ + S+ −

3
5
T

〈p1/20
−|V |p1/20

−〉 = V̄ +
1
4
∆− 2S+ − 6T

〈p1/21
−|V |p1/21

−〉 = V̄ − 1
12

∆− 2
3
S+ + 2T +

4
3
S−

〈p3/21
−|V |p1/21

−〉 =
√

2
3

(∆− S+ − S− + 3T ),

(A.12)

in which SΛ = S+ + S− and SN = S+ − S−. The same result for 12
Λ C can be obtained

by selecting the proper terms from the above formula.

To further clarify the physical meaning of these interaction terms, an analytical

deduction can be applied as follows. The operators for the ∆, SΛ and T terms are

linear in sΛ, which means that they can be expressed as O · sΛ. The essential term in
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hypernuclear level energy expression of each operator has the general form as:

A−1∑
i

〈J |oi · sΛ|J〉

= 〈J |
A−1∑

i

oi · sΛ|J〉

= 〈J |O · sΛ|J〉

=
1

J(J + 1)
〈J |O · J2

C · sΛ|J〉

=
1

J(J + 1)

∑
M ′

〈J |O · JC|JM
′〉〈JM

′ |JC · sΛ|J〉

=
1

J(J + 1)
〈J |O · JC|J〉〈J |JC · sΛ|J〉

=
〈J ||O||J〉
〈J ||JC||J〉

1
2
[J(J + 1)− JC(JC + 1)− 3

4
],

(A.13)

where the Landé formula has been applied in the last step. An immediate application

is that the weighted average of the doublet due to the Λ hyperon spin:

E = [(2JC + 2)E(JC+1/2) + 2JCE(JC−1/2)]/2(2JC + 1) = 0. (A.14)

It also means that the contribution from ∆, SΛ and T to the doublet spacing

can be canceled out by taking the weighted average. This also provides a convenient

way to determine the value of SN from the experimental data.
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Appendix B

Transition probability

Many discussions from this appendix follow the convention in [62]. Hypernu-

clear EM decay share the same formalism with odd-A nuclei. There is a convenient

formalism introduced by [62]. In both cases, by assuming the weak coupling scheme 1,

the transition matrix for γ ray emission can be expressed as:

〈J ′
cjΛ, Jf ||Ω(k)||JcjΛ, Ji〉

= 〈J ′
cjΛ, Jf ||Ω(k)

c + Ω(k)
Λ ||JcjΛ, Ji〉

= (−1)J
′
c+jΛ+Jf

[
(2Jf + 1)(2Ji + 1)

] 1
2

×
[
〈J ′

c||Ω(k)
c ||Jc〉


J
′
c Jf jΛ

Ji Jc k

+ (−1)Ji−Jf 〈jΛ||Ω(k)
Λ ||jΛ〉


jΛ Jf Jc

Ji jΛ k

 δJcJ
′
c

]
,

(B.1)

in which the Ωk, Ωk
c and Ωk

Λ are the total transition operator, core transition operator

and single particle transition operator respectively. jΛ, Jc and Ji/f stand for the angular

momentum of the hyperon, the core part and the total initial/final angular momentum.

k is the multi-polarity of the EM decay. The last step comes from the identity of Eq.

7.1.7 and 7.1.8 of [63].
1The validity of the weak coupling scheme will be discussed in the last part of this appendix.
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Compared with the pure core transition, the above core transition matrix has

an additional term of coefficients, which is due to the recoupling with the remaining

hyperon. At the same time, the ratio of decay probability between a pure core transition

and a hypernuclear core transition is also given by the square of this coefficient as:

Γ(k)
fi /Γ(k)

C
′
C

= (2JC + 1)(2Jf + 1)


JC′ Jf 1/2

Ji JC k


2

(Efi/EC
′
C)2k+1 (B.2)

This equation can be used to estimate the branching ratio of different final state orig-

inated from the same core transition. For example, the order of magnitude estimation

of the branching ratio of transition a(1−2 → 1−1 ) and b(1−2 → 2−1 ) from 12
Λ C can be made

as follows, as illustrated in Fig. B.1:

-

-

C C
11 12

L

2

0

1

1

-
-

-
-

1

1

2
J 1 2C= /

J 3 2C = /'

Ji

Jf

}

}

a b

Figure B.1: Branching ratio estimation of 12
Λ C

Γa ∝ (2× 1 + 1)


3/2 1 1/2

1 1/2 1


2

(Efi a/EC
′
C)3

Γb ∝ (2× 2 + 1)


3/2 2 1/2

1 1/2 1


2

(Efi b/EC′C)3

(B.3)

A numerical calculation is possible by further assuming Efi a ≈ Efib . The result is

Γa/Γb ≈ 1/5. (B.4)

By employing a shell model calculation which allows mixing of states instead of weak
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coupling assumption, a result of

Γa/Γb ≈ 23/77 (B.5)

has been obtained [41].

Another application of this formalism can be made by considering the M1

transition. The M1 transition probability can be written as:

Γfi(M1) = α1E
3
γ(2Jf + 1)

[
〈Jc||Ω(1)

c ||Jc〉


Jc Jf jΛ

Ji Jc 1


+ (−1)Ji−Jf 〈jΛ||Ω(1)

Λ ||jΛ〉


jΛ Jf Jc

Ji jΛ 1


]2

,

(B.6)

where α1 = 4.2×1012 sec−1 MeV−3. By definition, the magnetic moment can be written

as:

µ(j) = j · g

=
[ 2j

(2j + 1)(2j + 2)

] 1
2 〈j||Ω(1)||j〉.

(B.7)

By combining these two expressions and using the identity of page 95 of [63], a simplified

expression can be obtained as:

Γfi(M1) = α1E
3
γ(2Jf + 1)jΛ(jΛ + 1)(2jΛ + 1)


jΛ Jf Jc

Ji jΛ 1


2

×
[µ(Jc)

Jc
+ (−1)Ji−Jf

µ(jΛ)
jΛ

]2

= α1E
3
γ(2Jf + 1)jΛ(jΛ + 1)(2jΛ + 1)


Ji Jf 1

jΛ jΛ Jc


2

(gc − gΛ)2,

(B.8)

where gc and gΛ are expressed in the unit of nuclear Bohr magneton, µN . Further

simplification can be made by noticing that jΛ = 1/2 and applying (6.3.4) of [63]. The

result becomes:

Γfi(M1) = α1E
3
γ ·

1
2
·

2Jf + 1
2JC + 1

(gc − gΛ)2. (B.9)
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This relation provides a convenient way to study the g-factor of Λ hyperon inside the

nuclear medium by measuring the lifetime of the corresponding hypernuclear M1 tran-

sition. By rewriting this expression into the reduced transition probability,

Γfi(M1) = 1.76× 1013E3
γ ·B(M1),

B(M1) =
3
8π

2Jf + 1
2JC + 1

(gc − gΛ)2.

(B.10)

Finally, the validity of the weak coupling scheme will be discussed here. The

accuracy of the weak coupling scheme can be checked by comparing its results with

the calculations of different models. For instance, the weak coupling scheme predicts

B(M1) ∼ 0.334 [µ2
N ] for 7

ΛLi(3/2+ →1/2+) transition. A few body calculation by

Hiyama et al. gives B(M1) =0.322 [µ2
N ], and the value obtained from a shell model

calculation is 0.309 ∼ 0.364 [µ2
N ]. For details of these calculations, please see [64] and

references therein. The same few body calculation by Hiyama predicted the shrinkage of

the 6Li hypernucleus with the appearance of the Λ hyperon, which has been experimen-

tally confirmed [10]. This situation shows that the spin-flip M1 transition probability

is not as sensitive to the spatial distribution of the nuclear wave function as the E(2)

transition. The small deviation of the calculated values from the estimation made by

assuming weak coupling illustrates the validity of the weak coupling scheme and also

demonstrates the sensitivity of the gΛ measurement with the method proposed here.
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Appendix C

Drift chamber analysis and

energy resolution simulation

C.1 Drift chamber analysis

The configurations of the drift chambers used in the KEK-E566 experiment

are found in Chapter 2. The drift velocity was represented by a sixth order polynomial

function of the drift time. The parameters for the drift velocity was determined by

iteration to minimize the residual distribution. After the hit positions were obtained

from the TDC values and the drift velocity, they were used for the tracking analysis. At

the entrance and the exit of the K6 beam spectrometer and the SKS spectrometer, local

tracks were determined at first by fitting the hit positions using the least χ2 method.

A typical result of the drift chamber tracking in this experiment is shown in

Fig. C.1. From the residual distribution in the local fitting, a spatial resolution of σ

∼0.3 mm was found to be achieved.
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Figure C.1: A typical residual and χ2 distribution of BDC in the local track fitting at

the entrance of the K6 beamline spectrometer.
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APPENDIX C. DRIFT CHAMBER ANALYSIS AND ENERGY

RESOLUTION SIMULATION

C.2 Monte Carlo simulation for the binding energy reso-

lution

To confirm the binding energy resolution of the current data analysis is rea-

sonable, a Monte Carlo simulation was performed with GEANT4 program. The idea of

the simulation is to generate simulated data with the same experimental setup as the

KEK-E566 experiment as schematically shown in Fig. C.2. The simulated data were

analyzed by the same analyzer program used in the data analysis. If the analysis result

of the simulated data is reasonably consistent with the experimental result and the input

from the simulation, the current data analysis is regarded as reliable.

Figure C.2: Schematic view of the setup in the simulation.

The K6 beam line was not included in the setup of the simulation but the

momentum resolution of the beam spectrometer (∼0.1%, FWHM for 1 GeV/c particles)

was included. It is hard to make a simulation with exactly the same process as in the
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Figure C.3: Schematic view of event generation procedure.

real experiment, especially for the beam particles. Thus a reverse process is used in

this simulation as illustrated in Fig. C.3: a vertex was selected first then both π+ and

K+ propagated away from the vertex. The results from the track reconstruction in the

data analysis were used as input for the direction of π+ and K+ velocities. The reaction

vertex point was assumed to be randomly distributed inside the experimental target

volume.

The following is the outline of the procedure used in the simulation:

• Choose a reaction vertex point randomly within the experimental target.

• Decide the momentum of π+ from a Gaussian distribution as shown in Fig. C.4.

The reason that the distribution of Fig. C.4 was used as the initial π+ momentum

is to simulate the beam momentum distribution after adding back the energy loss

in the target.

• Select the produced hypernuclear state from a relative cross section as shown

in Fig. C.5. This relative cross sections was from a theoretical calculation for

hypernuclear bound states [46]. The hypernuclear quasifree states were assumed

to be proportional to the square root of the excitation energy above the Λ binding

threshold. The resolution in Fig. C.5 is the K6 beam line spectrometer resolution.

• Decide the momentum of the outgoing K+ from the π+ momentum together with
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the mass of the populated hypernuclear state.

• After the momenta of π+ and K+ were determined, the transportation process

began and the energy loss of π+ (∆Eπ) and K+ (∆EK) was calculated by the

GEANT4 program. Only electromagnetic interaction was considered in this sim-

ulation because the main interest is to confirm the binding energy resolution due

to multiple Coulomb scattering inside the target. The decay of K+ and π+ was

not under consideration either.

• For the K+ flying out of the target, the momentum of the K+ was obtained by

the same procedure used in the data analysis.

• The momentum of π+ was obtained by using pinitial and the ∆Eπ, where the K6

beam line resolution was included.

The beam momentum distribution and K+ momentum distribution from SKS

tracking are shown in Fig. C.6 and Fig. C.7 respectively. The analysis result of the

simulated data is given in Fig. C.8. Fig. C.8a is the result from the simulation without

the track reconstruction. The main contribution of the energy resolution is from the

ambiguity in the energy loss correction due to the vertex resolution and fluctuation of

the energy loss. Fig. C.8b is the result from the SKS track reconstruction. The similar

energy resolution between the Fig. C.8a and Fig. C.8b shows that the analysis process

is reliable. The relatively worse energy resolution of the experimental data could result

from the high counting rate and also other background events like (π+, π+) nuclear

reaction.
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Figure C.4: Initial π+ momentum distribution in the simulation.
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Figure C.5: Relative cross section used in the simulation.
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Figure C.6: Beam momentum distribution in the simulation.
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Figure C.7: K+ momentum distribution in the simulation.
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Figure C.8: Binding energy distribution from simulation.
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Appendix D

Summary of the KEK-E518

experiment

This appendix gives a summary of the KEK-E518 experiment, whose results

were used for the γ-ray spin assignment for 11
Λ B in the current experiment (KEK-E566).

The detailed information of the KEK-E518 experiment is found in [40].

The KEK-E518 experiment was carried out at the KEK-PS K6 beam line in

2004 as one of the hypernuclear γ-ray spectroscopy experiments using the Hyperball

apparatus 1. This experiment was dedicated to the study of 11
Λ B hypernucleus with

11B(π+, K+)11Λ B reaction. The binding energy spectrum of the 11
Λ B hypernucleus is

shown in Fig. D.1.

By comparing the γ rays emitted from different regions of the 11
Λ B binding

energy spectrum, totally six hypernuclear γ rays from the bound states of 11
Λ B were

observed as shown in Fig. D.2. The γ-ray energy and the relative intensity compared

with the 1480 keV γ rays are given in Table D.1. The lifetime of these γ-ray transitions
1Hyperball is a Ge detector array which was designed for the hypernuclear γ-ray spectroscopy study.

The details of the Hyperball2, an upgraded version of the Hyperball, is found in Chapter 2.
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measured with DSAM is listed in Table D.2. Mainly based on the peak width (Doppler

shift), the γ-ray yields and energy, the 1480 keV and the 2480 keV γ rays were assigned

to 11
Λ B: E2(1/2+ → 5/2+) and 11

Λ B: M1(3/2+;T = 1 → 1/2+) transitions, respectively.

For the other observed hypernuclear γ-ray transitions, it was difficult to assign them

experimentally. Fig. D.3 shows the 11
Λ B level scheme based on KEK-E518, where the

dashed lines are for the tentative assignments based on Millener’s shell model calculation.



174 APPENDIX D. SUMMARY OF THE KEK-E518 EXPERIMENT

200

c
o
u
n
ts

 /
 0

.5
 M

e
V

400

0

A B

(b) Thick target

0

50

100
(a) Thin target

c
o
u
n
ts

 /
 0

.5
 M

e
V

-B  (MeV)L

-20 0 20 40

(c) Calculation

Figure D.1: Binding energy spectra of 11
Λ B in KEK-E518. (a) Spectrum measured with

the thin target (2.38 g/cm2) and (b) with the thick targets. The events in the region A

(−20 MeV < −BΛ < −2 MeV) of the spectrum (b) were selected for the bound states

of 11
Λ B, and the events in the region B (20 MeV < −BΛ) were selected as the unbound

region. The energy losses of the incident and outgoing particles in the targets were

corrected. The acceptance of the spectrometer is not taken into account. (c) Excitation

energy spectra calculated by Motoba [65]. Taken from Ref. [40].
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Figure D.2: γ-ray spectra in the 11B(π+,K+)11Λ B reaction in KEK-E518. The Doppler

shift effect is not corrected for all the spectra except for the top-right one. By comparing

the spectra for the two regions, namely the bound-state region A (−20 MeV < −BΛ <

−2 MeV) and the unbound region B (20 MeV < −BΛ), six γ-ray transitions from 11
Λ B

were observed. The 2477-keV peak was observed after Doppler-shift correction. Taken

from Ref. [40].
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Table D.1: Number of events and relative intensities for observed γ transitions in KEK-

E518. Relative intensities were normalized to the number of events for the 1483 keV γ

ray.

Eγ (keV) Number of events Relative intensity

(a) 263.6 ± 0.5 ± 1.1 78 ± 10 ± 8 0.14 ± 0.02 ± 0.01

(b) 457.6 ± 1.2 ± 1.1 50 ± 9 ± 5 0.12 ± 0.02 ± 0.01

(c) 504.7 ± 1.0 ± 1.1 114 ± 11 ± 9 0.28 ± 0.03 ± 0.02

(d) 569.5 ± 0.5 ± 1.1 89 ± 10 ± 7 0.23 ± 0.03 ± 0.03

(e) 1483.3 ± 0.2 ± 0.7 242 ± 12 ± 1 1

(f) 2476.9 ± 2.1 ± 1.2 30 ± 5 ± 1 0.16 ± 0.03 ± 0.01

Table D.2: Lifetimes of the observed γ transitions in 11
Λ B in KEK-E518. (a) statistical

error only, (b) statistical + systematic error, (c) contribution from the γ-ray cascade

feeding was considered.

Eγ (keV) lifetime (a) (psec) lifetime (b) (psec) lifetime (c) (psec)

263.6 > 3.5 > 1.0 > 1.0

457.6 0.6+0.7
−0.3 (stat.) 0.6+0.7

−0.3 (stat.) ±0.4 (syst.) < 1.6

504.7 2.8±2.0 (stat.) > 1.5 > 0.9

569.5 0.5+1.0
−0.2 (stat.) 0.5+1.0

−0.2 (stat.) ±0.4 (syst.) < 1.9

1483.3 > 15.0 > 6.0 > 6.0

2476.9 < 0.2 < 0.5 < 0.5
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tentative γ-ray assignment made by Millener based on his shell model calculation for
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Appendix E

ΛΣ coupling and its effects on

hypernuclear fine structure

This appendix will give an introduction to the formalism of ΛΣ coupling and

its effects on the hypernuclear fine structure.

E.0.1 ΛΣ coupling effects

According to the convention by Akaishi et al. [48], there are two types of ΛΣ

coupling processes. If the nucleon remains in its ground state after converting a Λ to

a Σ, giving all the other nucleons an equal footing to interact with the Σ, the process

is called coherent ΛΣ coupling. The process where a nucleon changes to an excited

state after the interaction is called incoherent ΛΣ coupling, which is incorporated into

reaction matrices. The terminology, ΛΣ coupling effect, used in this dissertation refer

to the coherent ΛΣ coupling.

The mixing of Σ hyperon into Λ hypernuclear wave function will reduce the

ground state level energy. This is most clearly seen by the time-independent pertur-

bation calculation in non-relativistic quantum mechanics as shown in Fig E.1, where
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two-body ΛN and ΣN interaction is considered. Without including the ΛΣ coupling,

the eigenfunction and eigenvalue are obtained by solving the following equation:HΛN 0

0 HΣN


Φ1

Φ2

 =

E1 0

0 E2


Φ1

Φ2

 ,

where E1,Φ1 = ΛN ;E2,Φ2 = ΣN are the eigenvalue and eigenfunction of two states,

respectively. After including ΛΣ coupling, the Shrödinger equation of the system be-

comes: HΛN VΛΣN

VΛΣN HΣN


Φ1

Φ2

 =

EI 0

0 EII


Φ1

Φ2

 .

The mixing is only caused by the matrix element of VΛΣN = 〈ΛN |VΣN,ΛN |ΣN〉 form,

where the VΣN,ΛN is the effective coupling constant for the process shown in Fig. E.2.

So that the terms like 〈ΛN |VΣN,ΛN |ΛN〉 or 〈ΣN |VΣN,ΛN |ΣN〉 vanishes by definition.

Thus the level energy shift and wave function mixing of the ΛΣ coupling are given by

solving these equations up to the 2nd order perturbation as:

EI = E1 −
V 2

ΛΣN

∆E
;

ΦI = Φ1 + Φ′
1 = Φ1 −

VΛΣN

∆E
Φ2 = ΛN − VΛΣN

∆E
ΣN ;

EII = E2 +
V 2

ΛΣN

∆E
;

ΦII = Φ2 + Φ′
2 = Φ2 +

VΛΣN

∆E
Φ1 = ΣN +

VΛΣN

∆E
ΛN,

where the energy difference is ∆E = E2 −E1 ∼ ∆mΛΣ ∼ 80 MeV by assuming the ΛN

interaction is similar to the ΣN interaction. It can be seen that the ΛN state is now

mixed with a Σ hyperon explicitly and the ground state level energy is reduced by the

amount of ∆V = V 2
ΛΣN/∆E. A noticeable feature of such a system is that the amount

of Σ mixing into Λ hypernuclear wave function is related to the energy shift.

For the hypernuclei with more than one nucleon, the second order perturbation

process can be further illustrated by meson exchange interaction as shown in Fig. E.3.
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The left side of Fig. E.3 is for the two-body ΛΣ coupling interaction and the right side

of Fig. E.3 is for the three-body ΛΣ coupling interaction. Because the nucleons have the

same probability to interact with the Σ hyperon and convert it into a Λ hyperon, there

are more three-body interaction contribution in the coherent ΛΣ coupling. This is the

reason that the coherent ΛΣ coupling effect is mainly coming from the ΛNN three-body

interaction.
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Figure E.1: Schematic view of ΛΣ coupling effects on the ΛN ground state level energy

shift, where VΛΣN = 〈ΛN |VΣN,ΛN |ΛN〉. The energy difference is ∆E = E2 − E1 ∼

∆mΛΣ ∼ 80 MeV by assuming the ΛN interaction is similar to the ΣN interaction.
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Figure E.3: Coherent ΛΣ coupling through meson exchange interaction.



182
APPENDIX E. ΛΣ COUPLING AND ITS EFFECTS ON

HYPERNUCLEAR FINE STRUCTURE

E.0.2 Application to hypernuclei

It has been a long standing problem to calculate the Λ hyperon binding en-

ergy consistently for all s-shell hypernuclei. The ΛN interaction potential derived from

the binding energy of 3
ΛH (0.13±0.05 MeV) and 4

ΛHe (2.39±0.03 MeV) predicted the

Λ binding energy of 5
ΛHe to be 5.46 MeV whose experimental value is 3.12±0.02 MeV

[48]. This is known as the over binding problem of 5
ΛHe hypernucleus. More recently,

Akaishi et al. employed a modern YN interaction potential derived from the Nijmegen

interaction, which includes the incoherent ΛΣ coupling, to calculate the s-shell hyper-

nuclear binding energy [48]. In Akaishi et al.’s calculation, the binding energy of 5
ΛHe

can be reproduced well (3.01 MeV) but the Λ hyperon binding energy of 4
ΛHe and 4

ΛH

turned out to be too small. For example, the binding energy obtained for 4
ΛHe is 1.04

MeV, which is 1.35 MeV smaller than the experimental value. In order to calculate the

s-shell hypernuclear binding energy consistently, Akaishi et al. included the coherent

ΛΣ coupling besides the incoherent ΛΣ coupling by using the wave function proposed

by Gibson et al. [6]:

|4ΛHe〉 = φΛ(r)|3He〉+

√
2
3
φΣ+(r)|3H〉 −

√
1
3
φΣ0(r)|3He〉,

|4ΛH〉 = φΛ(r)|3H〉 −
√

2
3
φΣ−(r)|3He〉+

√
1
3
φΣ0(r)|3H〉,

where the coefficients (
√

2
3 and

√
1
3) are resulted from the isospin coupling.

The matrix element for the coherent ΛΣ coupling (VΛΣN ) can now be expressed

as:

v(J) =
〈
s3sΛ, J |VΣN,ΛN | s3sΣ, J

〉
,

where J is the spin of the hypernuclear state under consideration. The ΛΣ coupling has

to conserve the spin and isospin quantum numbers during the coupling. This is most

conveniently achieved via the coefficients of fractional parentage (cfp) formalism, which
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gives the coefficients of coupling one nucleon to the other nucleons and make the final

nuclear wave function antisymmetric. The ΛΣ coupling matrix element for the A=4

hypernuclear ground state Jp = 0+, T = 1/2 can be expressed as [9]:

v(0) =
3
2

∑
SS̄

U(S 1/2 J 1/2, 1/2 S̄)2U(T 1/2 1/2 0, 1/2 1/2)

× U(T 1/2 1/2 1, 1/2 1/2)
〈
ssΛ, S̄ |VΣN,ΛN | ssΣ, S̄

〉
,

where

U(abcd, ef) =
√

2e + 1
√

2f + 1(−)a+b+c+d


a b e

d c f

 .

The S̄ is for the coupled spin between a nucleon and a hyperon, which can be decomposed

into spin singlet and triplet states. The S (T ) in the above expression is for the coupled

spin (isospin) between the two nucleons not interacting with Λ hyperon. For the current

system, T = |S − 1| can be used to further simplify the calculation. The result is:

v(0) =
3
2
V t − 1

2
V s,

where the V t and V s is for the spin-triplet and spin-singlet interaction between the Λ

hyperon and a nucleon, respectively. The V t and V s can be derived from the Nijmegen

soft core interaction model (NSC97f) as V t = 4.8 MeV and V s = −1.0 MeV. Thus level

energy shift for the ground state (J = 0) is

ΛΣ ∼ v(0)2/∆m = 7.72/80 = 0.74 MeV.

A similar calculation for the J = 1 state gives ΛΣ ∼ 0.045 MeV. The total effect of

the coherent ΛΣ coupling for the A=4 (T = 1/2) hypernuclei is to increase the spacing

between the J = 0 state and the J = 1 state, which is shown schematically in Fig. E.4.

The coherent ΛΣ coupling increased the Λ hyperon binding energy of A=4

(T = 1/2) hypernuclei, which is now consistent with the experimental value. At the
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Figure E.4: Effects of coherent ΛΣ coupling on the binding energy of 4
ΛHe, where the

Σ mixing is ∼ 1.9% for the 0+ state and ∼ 0.01% for the 1+ state. The experimental

value is taken from [14].

same time, the coherent ΛΣ coupling is forbidden in the 5
ΛHe hypernucleus because

the nuclear core (4He) is isospin singlet and can not couple to Σ without leaving the

nucleon unexcited. Thus the coherent ΛΣ coupling effects, whose main contribution is

from ΛNN three-body interaction, can be employed to explain the s-shell hypernuclear

binding energy consistently.

The coherent ΛΣ coupling effects on the p-shell hypernuclear level spacings

are expected to be small. The ΛΣ coupling effects on the level spacings are caused by

the spin-dependent part of the 〈sΛpN |VΣN,ΛN | sΣpN 〉 matrix element. Because the wave

function overlap between a p-orbit nucleon and a s-orbit hyperon is roughly a factor of 2

smaller than the case of s-shell hypernucleus, the level shift is expected to be a quarter

of the s-shell hypernucleus case when considering ΛΣ coupling as the second order effect.

If the p-shell hypernucleus has T = 0, the ΛΣ effects will be further suppressed due to

the recoupling factor less than one. However, the coherent ΛΣ coupling effects may

still play an important role in calculating the p-shell hypernuclear fine structure, whose

spacing is of the order of a few tens keV.
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In Millener’s treatment for the coherent ΛΣ coupling for p-shell hypernuclei,

the 〈sΛpN |VΣN,ΛN | sΣpN 〉 matrix elements were calculated from the YNG interaction

based on the Nijmegen NSC97f. A set of interaction parameters was derived as [MeV]:

V̄ ′ = 1.45, ∆′ = 3.04, S′
Λ = −0.085, S′

N = −0.085, T ′ = 0.157,

which was parametrized in the same way as the ΛN interaction. In the case of 7
ΛLi

hypernucleus, the ΛΣ coupling effect in the ground state doublet spacing was estimated

to be ∼70 keV. This effect modifies the ΛN spin-spin interaction term (∆) by ∼15%

1. The ΛΣ coupling effects for 12
Λ C and 10

Λ B ground state doublet spacing estimated by

Millener are given schematically in Fig. E.5. The noticeable feature of the ΛΣ coupling

effects is that it has opposite contribution to the ground doublet spacings of 12
Λ C and 10

Λ B

hypernuclei. This is because the isoscalar and isovector matrix elements have opposite

relative signs for these two hypernuclei [9].

1Without including the coherent ΛΣ effect, the ∆ was derived to be 0.5 MeV from the ground state
doublet spacing of 7

ΛLi[30]. After taking into account of the ∼70 keV contribution from ΛΣ coupling,
the ∆ changes to 0.43 MeV.
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