





Abstract

In 2009 (August-November), the E05-115 experiment was carried out at JLab to investigate
hypernuclei in the wide mass region up to A =52 (" He, 1°Be, *?B and %2V) with the (e,e'K™)
reaction. This is the rst attempt to investigate a medium heavy  hypernucleus with the
(e,e'K™) reaction. Experimentally, itisdi cult to measure heavier hypernuclei as background
rates of particles which originate from electromagnetic processes are roughly in proportion
to Z? (Z: target proton number) in the (e,e’K*) experiment. To perform the experiment,
many experimental techniques have been developed and introduced such as optimization of the
electron spectrometer con guration (tilt method), clean kaon identi cation, particle tracking
under high multiplicity environment, precise energy scale calibration and so on. In the present
thesis, experimental results of the elementary process of p(e,e’lK*) ,  hypernuclei of " He,
10Be, 12B and *2V are shown.

Elementary processes of the electroproduction of and ©°, p(e,e’K*) , © were used for
the absolute energy scale calibration of our spectrometer systems. A careful Monte Carlo
simulation shows that the binding energy can be obtained with a systematic error of 0.11 MeV
with our energy scale calibration method. A study of the elementary process of is important
to understand  hypernuclei as it is essential for theoretical calculations of  hypernuclei.
The di erential cross section of the p(e,e’K™) reaction at the small K* scattering angle
(¥ = 15:5), the small Q? (7 0:01 [GeV/c]?) and the total energy of W = 1:92 GeV, where

no experimental data exists was obtained to be 235  13*%8 nb/sr.

The ground state (1/2%) binding energy of “He was already measured in JLab E01-011
(2005). In the present work, the binding energy of 1/2" state was determined to be B =
555 0:10 0:11 MeV with ve times more statistic and smaller systematic errors than those
of the previous experiment. The ground state binding energy is important to test the phe-
nomenologically introduced CSB (Charge Symmetry Breaking) N interaction for A = 7,
T = 1 hypernuclear systems. In addition, a peak which is interpreted as 3/2* and 5/2* states
was measured to be B =3:65 0:20 0:11 MeV with su cient statistic for the rst time.

Only three events of the ground state of 1°Be had been observed in the emulsion experiments.
The present experiment is the rst spectroscopic measurement of 1°Be, and the detailed struc-
tures have been successfully measured for the rst time. About three times better energy resolu-
tion was achieved in the present experiment (0.78 MeV in FWHM) than that of the mirror  hy-
pernucleus, 1°B (2.2 MeV in FWHM) which was measured in the ( *,K*) experiment at KEK.
The result of the ground state binding energy was obtained to be B =8:55 0:07 0:11 MeV
which serves also to discuss about the CSB e ect in the N interaction.

2B has been measured with the world best energy resolution of 0:5 MeV (FWHM) among
the reaction spectroscopy of  hypernuclei. The results of 2B are compared with the ex-
perimental results in the previous experiments to con rm the consistency. Furthermore, the
obtained ground state binding energies of 2B (B = 11:38 0:02 0:11 MeV) and %2V
(B = 21:88 0:59 0:11 MeV) indicate that the reported value of 2C which has been
used as a reference of binding energy measurements for the ( *,K™) experiments would be
shallower by  0:5 MeV.

A pilot study for investigation in the medium-heavy mass region with the (e,e'K™*) ex-
periment was performed by measuring V. The ground state binding energy of 52V has been
measured, overcoming high multiplicity environment. The results are discussed with the ex-
perimental results of >V measured at KEK. The present result is the rst measurement of s
binding energy of the ground state without the emulsion reference in the medium-heavy mass
region, which could be a substantial improvement in the information needed for understanding
the single particle potential of

In the present experiment, hypernuclear measurement with a small systematic error of

0:1 MeV by the (e,e'K*) reaction has been established. Moreover, the present work opened
a door to the heavier hypernuclear measurement with the (e,e’K™) reaction in the future.
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Chapter 1

Introduction

1.1 Signi cance of Hypernuclear Research

One of the ultimate question is \what is fundamental elements to make our world”. Many
scientists have been trying to answer the questions. Nowadays, six quarks and six leptons are
considered to be elementary particles. An atoms consists of a nucleus and electrons. A normal
nucleus surrounding us consists of nucleons (proton and neutron). A proton and a neutron
are composed of uud and udd in quark level, respectively. Interacting force among nucleons
(NN interaction) have been well studied by nucleon-nucleon (NN) scattering experiments and
spectroscopy of normal nucleus.

A is the lightest baryon which has a strangeness quark (sud). A can be bound in
deeply inside nucleus as the single embedded is not subject to the Pauli exclusion principle
from nucleons. It means that a can be a probe to investigate deeply inside nucleus where
is not easily studied by spectroscopy of normal nuclei. Additionally, the natural width of
hypernucleus is narrower as the life time is relatively longer (a few 100 ps) than that of normal
nucleus. In the case of 1d-shell state of 2°®Pb, for example, the spreading width is 5 MeV
which is too wide to perform precise spectroscopic study. Therefore, precise nuclear structures
can be investigated by  hypernuclear spectroscopy in principle.

One of the largest topics in nuclear physics is extending our understanding of the nuclear
force describing the NN interaction to that of the baryon-baryon (BB) interaction. Investigating
hyperon-nucleon (YN) and hyperon-hyperon (YY) are natural extensions as the rst step for
studying the BB interaction. However, YN (YY) scattering experiments are not practical so far
as the lifetime of hyperons are too short to perform the scattering experiments (e.g. 260 ps
for ). Therefore, spectroscopic information of  hypernuclei is used to deduce YN (YY)
information.

Assuming a hypernuclear wave function can be decomposed into a hyperon and a core
nucleus, the hypernuclear Hamiltonian (Hyy) is described as the following [1]:

< .
Huy = Heore + 1 + ve [\?Ctlve (1.1)

Wher%,HCore is a Hamiltonian of a core nucleus, t is the kinetic energy of the  hypernucleus
and  ve&Uve js an e ective N potential. The e ective N potential is constructed by G-
matrix calculation, which is started from the two-body interaction. To describe the elementary
two-body interaction, one-boson-exchange models such as Nimegen [2][3] and Julich [4][5] inter-
actions are extensively used. Analytically the e ective potentials are widely given in the form
of three-range Gaussian [6]:
< r2
Vn() = (ai +bike +ciki)exp — (1.2)
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hypernuclear structures and reaction cross sections are calculated by using this potential and
compared with experimental data.
In the case of p-shell hypernuclei, the e ective N interaction might be expressed as the
following [7]:

V() =Vo(r) +V (r)s sy +V (NI ns + V(NI nSn + V7 (r)Se2 (1.3)

where S;; =3( A)( P n- The terms are potentials of central one, N spin-spin inter-
action, spin-orbit interaction, N spin-orbit interaction and tensor. Low-lying level energies of
p-shell  hypernuclei are calculated with radial integrations of those ve terms. The integrals
denoted as V, , S ,Sy and T are determined by experimental data of p-shell  hypernuclei
and compared with theoretical predictions.

New forms and aspects of hadronic matter are expected to be investigated through a quan-
titative research of YN (YN) interaction. Particularly, detailed YN and YY interactions are
essential to understand high-density matter such as inside of a neutron star where hyperons
might be appeared energetically.

1.2 hypernuclear measurements in the past

Many species of  hypernuclei were measured in the past experiments (Fig. 1.1 [10]) since a
particle had been discovered in 1953 [27]. There are four major stages of  hypernuclear
measurements as follows:

1. Emulsion experiments with the (K , ) reaction at CERN™ and BNL™ (1960’s),

2. Counter experiments with the (K , ) reaction at CERN and BNL (1970’s - 1980’s),
3. Counter experiments with the ( *,K*) reaction at BNL and KEK™ (1980’s - 1990’s),
4. Counter experiments with the (e,e’K™) reaction at JLab™ (2000-).

The three  production reactions, (K , ), ( *,K*) and (e,e’K*) reactions are shown
above. These reactions will be explained in the next section before the past hypernuclear
experiments are described.

1.2.1 production reactions

Three major three reactions, the (K , ), ( *,K*) and (e,e’K*) are used to produce hy-
pernuclei. Schematic descriptions of those reactions are shown in Fig. 1.2. The simplest way
to produce is bringing a strange quark in an incident particle into a target nucleus. In the
(K , ) reaction, a strange quark is brought by a K into the target nucleus. A down quark in
the target neutron was exchanged for the strange quark in K beam as shown in Fig. 1.2. On
the other hand, a strange and unti-strange quark pair is associatively generated in the ( *,K™)
and (e,e'K™) reactions.

Fig. 1.3 and Fig. 1.4 show the momentum transfers to a by the (K , ), ( *,K%)
and (e,e’K™) reactions as a function of beam momentum with scatting angle of 0 and 10 ,
respectively. The momentum transfer is small in the case of (K , ) reaction (less than

*1European Organization for Nuclear Research, Geneve, Switzerland
*2Brookhaven National Laboratory, NY, US

"3High Energy Accelerator Organization, Ibaraki, Japan

"4Thomas Je erson National Accelerator Facility, VA, US
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Figure 1.3: Momentum transferstoa by the Figure 1.4: Momentum transferstoa by the
(K, ), (", K*") and (e,e'K™*) reactionsas (K , ), ( *,K*) and (e,e'K™) reactions as
a function of beam momentum with scatting a function of beam momentum with scatting
angle of O . angle of 10 .

100 MeV/c at beam momentum of 1000 MeV/c and scattering angle of 0 ). In addition, there
is a \magic momentum® where the recoil momentum is zero. Thus, It preferentially populates
substitutional states in which a nucleon is converted into a in the same orbit without orbital
angular transfer ( L = 0). On the contrary, momentum transfers are larger (more than
400 MeV/c at beam momentum of 1000 MeV/c and scattering angle of 0 ) in the cases of the
( *,K*) and (e,e’K*) reactions. Therefore, high-spin hypernuclear states with a nucleon-hole
having large angular momentum and a  having small angular momentum can be excited.

A neutron is converted intoa in the (K , ), ( *,K™) reactions. On the other hand, a
proton converted into a  in the (e,e'K™) reaction. Thus, mirror hypernuclei can be investi-
gated. When the target is 1>C, for instance, 2B and *?C are generated in the (e,e’K™) reaction
and (K , ), ( *,K%) reactions, respectively. One of the largest advantages of the (e,e’K™)
experiment is an absolute energy scale calibration with and © by using a proton target (H
nucleus). They are used for the energy scale calibration since their masses are well known [68].
In the ( *,K™) experiments, on the other hand, the binding energies were measured by using
a reported binding energy of 2C in emulsion experiments as a reference.

In the (e,e’K™) reaction, spin- ip hypernuclear states as well as spin-non ip states sizably
can be populated , which is a interesting characteristic, since the photon has spin 1 [8][9]. In
contrast, the (K , )and ( *,K™) reactions dominantly populate spin-non ip states of hyper-
nuclei since the spin- ip amplitudes in those reactions are small unless appropriate kinematic
conditions are selected.

It is noted that hypernuclear formation cross sections is smaller in the (e,e’K™) reaction
than those of (K , )and ( *,K™) by the order of two to four. This is the one of the reasons
that (e,e’K™) experiment was not able to be performed until 2000. Experimental di culties of
the (e,e’K™) experiment including the small formation cross section are described in Sec. 2.2.

The main characteristics for the (K , ), ( *,K™*) and (e,e’K™) reactions are summarized
in Table. 1.1.

1.2.2 Historical background

hypernuclei with A 16 were measured by the emulsion technique in 1960’s.  binding ener-
gies for the ground states were determined from their weak decay processes after  hypernuclear
generation by the (K , ) reaction. The ground state measurements gave an important fact
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Table 1.1: Main characteristics for the (K , ), ( *,K™*) and (e,e’K*) reactions.

Reaction | Conversion | Typical cross | Typical beam recoil spin
section momentum momentum | (at forward angle)
[ b/sr] [GeV/(] [MeV/c]

In- ight nit 10° 0.8 < 100 non ip

(K., )

Stopped nit 10° 0.0 250 non ip

(K., )

( *.K%) nit 10° 1.0 > 300 non ip

(e,e'K™) p I 10 1! 1.5 > 300 ip/non ip

(virtual photon)

that N potential depth is 2/3 of NN one. In the emulsion experiments, however, excited states
cannot be investigated except for a few cases.

In the early 1970’s, counter experiment by the (K , ) reaction had been started at CERN
and later at BNL. Spectroscopic studies of  hypernuclei including excited states became pos-
sible. In- ight (K , ) reaction experiments with almost recoilless conditions were performed
and various  hypernuclei were measured [11][12][13][14][15][16] after the rst counter experi-
ment by the stopped (K , ) reaction experiment [17]. Particularly, the structures of p-shell

hypernuclei were studied and it was found that ’s spin-orbit splittings are quite small com-
pared with that of nucleon [16]. The (K , ) is the powerful tool to investigate especially
p-shell  hypernuclei. However, it often su ered from the low statistic and limited energy
resolution due to K beam intensity and quality.

Spectroscopic studies with the ( *,K™) reaction had been started in the middle of 1980’s
at BNL [18][19]. The ( *,K™) experiment was dramatically extended at KEK with Supercon-
ducting Kaon Spectrometer (SKS). High quality hypernuclear spectra for many species of
hypernuclei were measured [20][21][22][23][24]. At the late stage, new experimental techniques
have been signi cantly developed. One is -ray spectroscopy of  hypernuclei. It can measure
the state spacing with an ultra-high resolution of a few keVV (FWHM) by using a germanium
detector [25], and it has proven the new quantitative information of YN interaction. The other
is spectroscopy with the (e,e'K™) reaction which will be described in the next section.

1.3 Spectroscopic experiments by the (e,e'K™) reaction

Since 2000, hypernuclear spectroscopic experiment with the (e,e’lK™) reaction have been per-
formed at the experimental hall C and hall A in JLab. The (e,e’K™) experiments can achieve a
sub-MeV (FWHM) energy resolution , in contrast with a few MeV (FWHM) energy resolution
in the ( ",K™) and (K , ) reactions, thanks to 1) a high quality primary electron beam
and 2) a thinner target (  0:1 g/cm? in contrast to a few g/cm? in (K , ) and ( *,K%)
experiments). The high intensity primary electron beam allows us to use such thinner target,
and thus, the energy straggling of particles in the target are minimized. With (e,e’K™) experi-
ments, therefore, more detailed spectroscopic studies can be performed. So far, three (e,e’K™)
experiments in JLab hall C and one (e,e'K*) experiment in JLab hall A have been performed,
and described in this section.
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1.3.1 JLab E89-009 experiment (hall C)

The rst experiment with the (e,e’K*) reaction was performed at JLab hall C in 2000 (JLab
E89-009). Fig. 1.3.1 shows the experimental setup of the JLab E89-009 [28][29]. An electron
of 1.8 GeV was incident on targets (20 mg/cm?) located at the entrance of a splitter magnet
(dipole magnet). A scattered electron of 0.3 GeV/c was measured by the split pole spectrometer
(ENGE [30]), and a K™ of 1.5 GeV/c was measured with the Short Orbit Spectrometer (SOS).

SOS Spectrometer SplittingMagnet

(Vertical Bend)

Kaon Tracking
and PID

A7

Beam Dump SSD
Package
ENGE
Spectrometer

Figure 1.5: The experimental setup of JLab E89-009 [28]. An electron with 1.8 GeV was
incident on targets located at the entrance of a splitter magnet. A scattered electron with
0.3 GeV/c was measured by the ENGE spectrometer [30], and a K* with 1.5 GeV/c was
measured by the SOS spectrometer.

A spectrum of the >C(e,e’K*)*B is shown in the Figure 1.3.1 with the energy resolution
of 0.9 MeV (FWHM) which was the highest energy resolution at that time in reaction spec-
troscopy of  hypernuclei. The JLab E89-009 experiment successfully has proved a feasibility
of spectroscopic study of hypernuclei with the (e,e’K*) reaction.

In the experiment, two issues to be overcome for the next generation experiment were arose
as follows:

Beam current needed to be suppressed due to huge amount of background electrons in
the electron arm spectrometer.

Missing mass resolution was limited due to the kaon spectrometer (SOS).

1.3.2 JLab EO01-011 experiment (hall C)

In the JLab E89-009 experiment, there were huge amount of background particles originated
from electromagnetic processes in the electron spectrometer. To suppress the background par-
ticles, and maximize a signal to noise ratio and an yield of  hypernucleus, tilt method was
introduced for the electron spectrometer. Thanks to the tilt method, a rate in the electron
spectrometer was suppressed down to 1/200 though a luminosity was increased by 200 times
compared to the E01-011 experiment. A kaon spectrometer named High resolution Kaon Spec-
trometer (HKS, p=p 2:0 10 %) was newly constructed and introduced to achieve the better
energy resolution and to increase the yields. Fig. 1.3.2 shows the experimental setup of the
E01-011 experiment. An electron beam of 1.8 GeV was sent to the target located at the en-
trance of the splitter magnet. A scattered electron of 0.3 GeV and a kaon of 1.2 GeV were
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Figure 1.6: A spectrum of the 12C(e,e’K*)12B with the energy resolution of 0.9 MeV (FWHM).
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measured in ENGE [30] and HKS, respectively. In the experiment, spectroscopic measurements
of , 9 7He (Fig. 1.8), 2B (Fig. 1.9) and 28Al (Fig. 1.3.2) have been done.

Fig. 1.9 shows a missing mass spectrum of 2C(e,e’lK*)!?B with the energy resolution of
0.61 MeV (FWHM) for the ground state. The energy resolution was improved thanks to intro-
duction of the new spectrometer, HKS compared to JLab E89-009 experiment. An important
remark is that peak structures of core excited states (peak number 2 and 3) seen between peaks
of s and p (peak number 1 and 4) were observed at the rst time. The energy resolution
improvement made discussions of  hypernuclear core con gurations possible.

w,
1
I

LA | 1 LA B | | T T T 1 T T 1

W Juric et al.
Y 1y o O
T T

‘ T T T T T T T

|[ Hl'“ ll lll

T |l \llm ll H‘

IITITI

Counts per 0.3 MeV

JLab EO1-011
10— —

(do/dQ)yks (nb/sr per 0.3MeV)
o
|

ikl

10 5 0 10
~B, (MeV)

(o1}

Figure 1.8: "He in the E01-011 experiment (bottom) comparing with events of the emulsion
measurement (top) [31].

Charge symmetry breaking (CSB) e ect in the N interaction is one of interesting topics.
Recently, precise four-body cluster model calculations were performed by E. Hiyama et al. [33]
to test the CSB e ect in the A = 7, T = 1 iso-triplet hypernuclei, "He( nn ), “Li ( pn )
and "Be( pp ). A ground state binding energy of “He could not be determined in the past
emulsion experiment although those of “ Li and ” Be were measured [34][36]. Therefore, binding
energy measurement of “ He had been awaited to test the phenomenologically introduced N
CSB e ect for those iso-triplet hypernuclei. Fig. 1.8 shows a missing mass spectrum of the
"He in the E01-011 experiment (bottom) comparing with events of the emulsion measurement
(top) [31]. Itis the rst clear observation of the 7 He ground state which determined the ground
state binding energy to be B =5:68 0.03(statistic)  0.25(systematic) with the energy
resolution of 0.63 MeV (FWHM).

The rst sd-shell hypernucleus, 22Al was successfully measured with the (e,e’K™) reaction,
and it had opened a door to measurements of heavier hypernuclei with the (e,e’K™) reaction.
Two prominent peaks of s (peak number 1in Fig.1.3.2) and p (peak number 2 in Fig.1.3.2) are
discussed compared with the mirror hypernucleus, 22Si [10][22] and theoretical calculations [37]
in Ref. [32]. The energy spacing between s and p of 28Al is larger than those of 28Si and
also the predictions. It indicates that further systematic studies of hypernuclei are necessary
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experimentally and theoretically to improve the N interaction.
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0.61 MeV (FWHM, for the rst peak) [32]. 57 \Mev (FWHM, for the rst peak) [32].

1.3.3 JLab E94-107 experiment (hall A)

E94-107 experiment was performed at JLab hall A to measure ° Li [38], 1B [38][39] and *®N [40].
Two of High Resolution Spectrometers (HRS, p=p 1 10 #) existed in JLab hall A were
used for the momentum analyses of a scattered electron and a K*. To maximize yields of

hypernuclei, both of a scattered electron and a K™ need to be detected with their small
scattering angles as shown in Sec. 2.3.4. In order to allow the measurement with smaller
scattering angles than the HRS minimum angle (12.5 ), a superconducting septum magnet was
used for each HRS. An electron beam of E, = 3:77 GeV was incident on the target, and a
scattered electron of pe = 1:56 GeV/c and a K* of px = 1:96 GeV/c was measured in each
HRS.

An excitation spectrum of the *?B is shown in Fig. 1.11 [38]. The energy resolution of the

rst peak is 1.15 0.18 MeV (FWHM, for the rst peak). Fig. 1.12 shows the ®N binding

energy spectrum with the energy resolution of 1.71 0.70 MeV (FWHM, for the rst peak) [40].
The binding energy for the rst peak was obtained to be B = 13:76 0:16 MeV.

Also in the experimental hall A, hypernuclear measurement using (e,e’K*) reaction had
been established.

1.4 Purpose of the present research

1.4.1 Elementary processes of p(e,e'K*) , ©

and © from a hydrogen nucleus are used for an absolute energy scale calibration. This
calibration is the one of most important advantages of the (e,e'K™) reaction experiment.
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Figure 1.11: An excitation energy spectrum of Figure 1.12: A binding energy spectrum of the
the *?C(e,e’K™)'?B with the energy resolution 160(e 'K *)16N with the energy resolution of

of 1.15 MeV (FWHM, for the rst peak) [38]. 1.71 MeV (FWHM, for the rst peak) [40].
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Figure 1.13: Di erential cross sections as a function of K* scattering angle in the center of
mass frame for data of CLAS [41], SAPHIR [42][43] and an older one [44][45] and some of
theoretical calculations [46]. This gure was taken from [46].
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The (e,e'K™) reaction is described by a virtual photon-exchange, and the virtual photon
can be almost treated as a real photon in our experimental setup as will be described in Sec.2.1.
The information of the elementary amplitude is vital for the cross section calculation of the
hypernuclei. One of the examples showing situations of the study for the p( ,K™) reaction is
shown in Fig. 1.13. It shows the di erential cross sections as a function of K™* scattering angle in
the center of mass frame ( S¥) for data of CLAS [41], SAPHIR [42][43] and an older one [44][45]
and some of theoretical calculations [46]. The experimental data show lack of consistency at the
small K* scattering angle ( S¥ <40 ) where the  hypernuclear spectroscopy is performed.
Moreover, theoretical calculations behave di erently particularly at the small K™ scattering
angle as well as the experimental results. To give constraints for the theoretical descriptions
of the elementary process, data with the small K* scattering angle have been awaited. In the
present work, the di erential cross sections of p( ,K*) with the scattering angle of ¥ 20
aimed to be obtained.

1.4.2 Li(e,e'’K*) He

"He is a good sample for a test of the charge symmetry breaking (CSB) e ectin N interaction
in four-body cluster model calculations [33]. Originally, the discussion of the N CSB e ect
had been started from A = 4, T =1/2 systems (*H and #He). Their binding energy di erences
for the ground state (0™) and excited state (1*) are 0:35 0:06 MeV and 0:24 0:06 MeV,
respectively. The di erences cannot be explained by only Coulomb e ect [98][100][99]. Thus,
the binding energy di erences after the Coulomb e ect are subtracted are attributed to the
CSB e ectin N interaction [100].

The origin of the CSB e ect in N interaction are tried to be explained by taking into
account - 9mixingand ®massdi erences[49]. However, it was not succeeded to reproduce
the experimental results of * He and # H simultaneously up to now [50][51]. Therefore, the origin
of the CSB e ect in *H and #He is an open question.

A phenomenologically introduced CSB interaction of which potential was determined so
as to reproduce *H and %He were applied to calculate A = 7, T = 1=2 hypernuclei, "He,
"Li [34] [25] and ’ Be [34] as already explained in Sec. 1.3.2. "He was spectroscopically mea-
sured in JLab E01-011. However, errors including the systematic errors was rather large (30 keV
of statistical error, 250 keV of systematic error). Moreover, excited states (3/2",5/2*%) which
are expected to be seen  1:8 MeV above the ground state in some theoretical predictions could
not be observed due to low statistic. The excited states are bound states though corresponding
states in a core nucleus, ®He is an unbound state. It is interesting to see the phenomenon that
the the unbound state becomes the bound states due to the presence of in the nucleus. In the
present work, both the ground state and the excited states aimed to be measured with smaller
errors than that of JLab E01-011.

1.4.3 YB(e,e'K*)Be

Only three events of °Be were measured in emulsion experiments [34][35]. In the present work,
the rst spectroscopic measurement of °Be is aimed.

The phenomenological N CSB interaction in interaction can be tested in A =10, T = 1=2
iso-doublet hypernuclei, 1°Be and 1°B. In the present work, the ground state (1 , 2 ) binding
energy is aimed to be measured with small systematic errors ( 100 keV).

In addition, the glue-like role of is aimed to be con rmed by observing a phenomenon
that a unbound state in the core nucleus (°Be) becomes bound states in ° due to the presence
of in the nucleus.



12 CHAPTER 1. INTRODUCTION

1.4.4 2C(e,e'KH)¥B

Spectroscopic studies of 2B were performed in the past experiments. Thus, measurement of
2B can be used as the reference not only for the binding energy but also the cross section for
each state. Moreover, it is useful to see progresses of the analyses particularly for the inverse
transfer matrix optimization.

1.4.5 *Cr(e,e'K*)>?V

This experiment is the rst challenge to investigate a medium-heavy  hypernucleus with the
(e,e'K™) reaction. Experimentally, the measurement with heavier target is harder since the
rates of background particles which originate from electromagnetic processes are roughly in
proportion to Z? (Z: target proton number).

hypernuclei with heavier mass numbers up to A = 208 have been measured by the ( *,K™)
and (K , ) reaction spectroscopy with the energy resolution of a few MeV in FWHM. The
major structures of those  hypernuclei were well studied [10]. As a next step, ner structures
such as the spin-orbit (Is) splitting and core-con guration mixing states are tried to be measured
with better energy resolution of sub-MeV in FWHM. In Ref. [124], the Is splitting and core-
con guration mixing states in medium heavy mass region are discussed, and they are expected
to be observed with the energy resolution of sub-MeV. This new information of ner structures
of hypernuclei in medium mass region where the -ray spectroscopy is hard to be performed
so far leads us for further understanding of N interaction.

Using systematic studies of ’s binding energies in various hypernuclei, single particle po-
tential of  has been investigated. It was found that a Wood-Saxon well with a depth (
30 MeV) and a radius parameter (ro) which decreases with A can t the experimental single
particle binding energies [52]. Fig. 1.14 shows the ’s binding energies as a function of A =3

SHF
S0 -~ DDRH ]
% S A=139 — — DDHF
= 251! L e —mm BH
- . o (K
) \;\.\AZS‘] A (K,
20 ................................................................................. Emulsion
(e,e'K¥)
15 A=16
10 -\ Y N~ TN N DI - == S SA

1 l\ 1 | 1 1 1 1 l 1 1 1 L I 1 1

0 005 01 015 02 025 03
A-2/3

Figure 1.14: ’s binding energies as a function of A =3 for experimental data and theoretical
predictions.

for experimental data and theoretical predictions (SHF [54], DDRH [55], DDHF [56], BH [57]).
The experimental data were taken from Ref. [10][22][24] for the ( *,K™) experiments, Ref. [53]
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for the (K , ) experiments, Ref. [34] for emulsion experiments and Ref. [28][29][32][31][38][40]
for the (e,e’K™) experiments. Many theoretical works have been performed to describe these
experimental data of single particle energies. For example, D. J. Millener et al. t the data up to
A = 89 using density-dependent and non-local N potential motivated by the spherical Skyrme
Hartree-Fock calculations (indicated by SHF). Solid line in Fig. 1.14 is the solutions obtained
for a Woods-Saxon well with a depth of 28 MeV and a radius parameter ro = 1:128+0:439A 273,
The density dependent relativistic hadron (indicated by DDRH) eld theory was extended to
hypernuclear system, and their calculations are shown as dashed line. So far, these theoretical
calculations were obtained by tting to data of the (K , ), ( *,K™) and emulsion experi-
ments. More precise data measured by (e,e’K™) experiments with the higher energy resolution
could be useful for further understanding of the single particle potential of

In the present work, a feasibility of the measurement of a  hypernucleus with medium-
heavy mass number (A = 52) is aimed to be con rmed. Moreover, new data points of the
binding energies of medium-heavy hypernucleus, %2V in addition to other lighter hypernuclei
measured in the present experiment are aimed to be provided for the discussion of the ’s single
particle potential.






Chapter 2

Experimental setup

In 2009 (August - November), E05-115 experiment was performed with the (e,e’K™) reaction
at JLab experimental hall C. The experiment was designed to measure  hypernuclei up to
medium heavy mass region. For this purpose an electron spectrometer and a splitter magnet
which dedicate for the measurement of  hypernuclei were newly constructed and used for
the experiment. A kaon spectrometer, HKS which was constructed and used in the previous
(e,e"K™) experiment was also used in the experiment. Thus, spectrometer systems including
the splitter magnet dedicate for the hypernuclear measurement. In this section, kinematics
of the (e,e’K™) reaction and whole experimental setup of JLab E05-115 are described.

2.1 Kinematics of the (e,e’K*) reaction

Scattering Plane

Reaction Plane
Figure 2.1: A schematic drawing of the (e,e’K™) reaction.

The kinematics of the (e,e'K™) reaction,

e(pe) +p(Pp) ¥ e(pe) + (p )+ K" (pk) (2.1)

is shown in Fig. 2.1. The variables in the parentheses in Eqg. (2.1) denote four-momentum of
each particle. The energy and momentum of the virtual photon are de ned to be:

' = E. Eg,; (2.2)
& = Pe Pe - (2.3)

15
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The di erential cross sections for the elementary electroproduction process is described by the
following form [58][59]:
d? dy d dop P—d,

—_ = + + cos2 x+ 2, .(1+ )—-—cos 2.4

dEed od « dx 'dx dk " L ) * (2.4)
where y, ., p and , are the unpolarized transverse, longitudinal, polarized transverse and
interference cross sections, respectively. is the virtual photon ux represented by:

E Ew

where =e?=4 =1=137 and Q> = 2 > 0. The virtual photon transverse polarization (),
longitudinal polarization ( ) and the e ective photon energy (E ) in Eq. 2.4 and Eq. 2.5 are
de ned as:

2jej? L
= 1+ ot tanzie : (2.6)
2
L= Q_Z; 2.7)
! :
= 1 -
E o (2.8)

where . is the electron scattering angle in the laboratory frame. For real photon case, only
the unpolarized transverse term is nonvanishing since Q> ¥ 0. In our experimental setup, the
virtual photon can be treated as almost real photon as Q? is quite small (Q? 0.01 [GeV/c]?).

2.2 Continuous Electron Beam Accelerator Facility in
JLab

Injector North Linac
(64 MeV) (0.6 GeV)

Experimental Halls

CEBAF

(Continuous Electron Beam Accelerator Facility)

&
<«

=@ —
South Linac
~ (0.6 GeV)

E05-115 experiment

Figure 2.2: A schematic drawing of the CEBAF. An injected electron with 64 MeV is accelerated
by the north and south linac which give an electron 0.6 GeV for each linac. An electron gains
6.0 GeV at maximum after 5 cycles of acceleration. The E05-115 experiment was performed at
the experimental hall C.

Continuous Electron Beam Accelerator Facility (CEBAF) in JLab provides a high quality
and high intensity primary electron beam which is an important tool to perform nuclear physics
experiments which need high precision by using reactions with small cross sections.
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Fig. 2.2 shows a schematic drawing of the CEBAF. Electrons are generated at an injector
with 1497 MHz short bursts. Then, the electrons are divided into three bursts (1497.MHz =
499 MHz) by an RF chopper. The electrons are accelerated by two linacs which give the elec-
trons 0.6 GeV for each linac. At maximum, 6 GeV electrons are provided to three experimental
halls, Hall-A, B and C [60]. The main parameters of the CEBAF are listed in Table 2.1.

Table 2.1: The main parameters of the CEBAF.

Maximum beam energy 6 GeV
Maximum beam intensity 200 A/Hall
Beam emittance 2 mmrad
Beam energy spread 1 10 4 (FWHM)
Beam bunch interval 2 ns (499 MHz)

The CEBAF is a unique facility to perform  hypernuclear spectroscopic experiments with
the (e,e'K™) reaction as it satis es the following experimental requirements:

The maximum beam energy is above the energy threshold of formation (the
total energy of W 1.6 GeV).

The beam energy spread is less than 1.0 10 4 [61][62] which corresponds to
200 keV contributions to a missing mass when 2.344 GeV electron beam is

used.

This beam energy spread is comparable level to the momentum resolutions of the our

spectrometers.

The beam spot size is small at target position (100 m).

Transfer matrices are used to derive K* and e’ momentum vectors at a target from posi-
tions and angles at focal planes (reference planes) for each spectrometer. The beam spot
size a ects momentum resolutions of the spectrometers since the matrices are generated
with an assumption that a strangeness production occurs at one-point. The beam spot
size of 100 m is almost no e ect on the momentum resolutions according to a Monte
Carlo simulation as shown in Sec. 4.6.2.

The duty factor is high (  100%).

The (e,e’K™) experiment is a coincidence experiment between a K* and a scattered
electron. A signal to noise ratio (S/N) in coincidence experiments gets worse as a beam
intensity is higher. Hence, in terms of S/N, it is important to keep a beam current low for
the (e,e’K™) experiment as long as an enough statistic of a hypernucleus is accumulated
in a given beam time.

High intensity electron beam can be provided (a few A to 50 A).

The hypernuclear production cross sections with the (e,e’K ™) reaction are much smaller
than those of (K ; ) and ( *; K™) reactions by the order of 2 to 4. This can be
compensated by the high intensity beam of CEBAF.

Furthermore, thinner targets ( 0.1 g/cm?) than those of hadron beam experiments (a
few g/cm?) can be used thanks to the high intensity beam. Enough  hypernuclear yields
are expected even when such thinner target is used. The thinner target reduces e ects
on the mass resolution deterioration due to the energy straggling in the target.
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2.3 EXxperimental setup

2.3.1 Overview

The (e,e'K™) reaction is described by the one (virtual-)photon exchange model as described in
Sec.2.1. To maximize yields of hypernuclei and hyperons, K* and K* © photo-production
cross sections were considered. Fig. 2.3 and Fig. 2.4 show experimental results of K* and
K* O photo-production cross sections taken from Ref. [41]. There are enhancements for
both K* and K* 0 at the total energy, W 1.9 GeV which corresponds to photon en-
ergy, 'max 1.5 GeV. In this condition, the K* momentum, px 1.2 GeV. Furthermore,
2.344 GeV/c electron beam which was higher energy than that of E01-011 experiment was used
to improve S/N (see Sec.2.3.6). Thus, a central momentum of a scattered electron spectrometer
was chosen to be peo  Eeo = 2:344 1, = 0:844 GeV-=Cc.

y+p > K +A y+p > K +¥°
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Figure 2.3: The di erential cross section of ~ Figure 2.4: The di erential cross section of
K* photo-production as a function of total K™ ° photo-production as a function of total
energy (W) taken from Ref. [41]. energy (W) taken from Ref. [41].

Fig. 2.5 and Fig. 2.6 show a schematic drawing and a photograph of the experimental setup
of the E05-115 experiment. It consists of a splitter magnet (SPL), a High resolution Kaon
Spectrometer (HKS) and a High resolution Electron Spectrometer (HES). Each of HKS and
HES consists of two quadrupole magnets and one dipole magnet (QQD con guration). An
electron beam with the energy of 2.344 GeV is incident on a target located at the entrance of
the splitter magnet. A K™ and a scattered electron with the central momentum of 1.2 GeV
and 0.844 GeV were separated into opposite directions with SPL, and measured in HKS and
HES, respectively. HKS which was constructed and used in the E01-011 experiment for kaon
measurement was also used in the E05-115 experiment. HES and SPL was newly constructed
for the E05-115 experiment. The main experimental parameters are summarized in Table. 2.2.

In this section, experimental designs and speci cations of the target system, SPL, HKS, HES
and pre-chicane beam line which was also designed for the present experiment are described.

2.3.2 Pre-chicane beam line

Dumping directions of beams and Bremsstrahlung photons generated in a target toward their
xed dumps were determined by adopting the pre-chicane beam line in the experiment. Fig. 2.7
shows a schematic drawing of the E05-115 experimental setup including the pre-chicane beam
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HES HKS

photon

1.20%0.15 [GeV/c]

: —i
Splitter magnet 1 [m]

Target

2.344 [GeV] electron

Figure 2.5: A schematic drawing of the JLab E05-115 experimental setup. It consists of SPL
(splitter magnet), HKS and HES. An electron beam with the energy of 2.344 GeV was incident
on the target located at the entrance of SPL. A K* and a scattered electron with the momenta
of 1 GeV/c were measured in HKS and HES, respectively.

Figure 2.6: A photograph of the E05-115 experimental setup at JLab Hall C in 2009.
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Table 2.2: Experimental conditions and parameters of JLab E05-115.

Beam (e)
Energy 2.344 GeV
Energy spread <10 104

HKS (K™)
Con guration QQD (horizontal bend)
Central momentum 1.2 GeV/c
Momentum acceptance 12.5%
Momentum resolution ( p=p) 2.0 10 4 (FWHM)
Solid angle 8.5 msr for the central momentum (Fig. 2.14)
Angular acceptance (horizontal) -30 mrad to -230 mrad

(vertical) -70 mrad to 70 mrad

Flight path length 10 m

HES (&%)
Con guration QQD (horizontal bend)
Central momentum 0.844 GeV/c
Momentum acceptance 17.5%
Momentum resolution ( p=p) 2.0 10 4 (FWHM)
Solid angle 7.0 msr for the central momentum (Fig. 2.26)
Angular acceptance (horizontal) -200 mrad to 200 mrad

(vertical) 30 mrad to 90 mrad

Vertical tilt angle 6.5 deg

Figure 2.7: The experimental setup of E05-115 including the pre-chicane beam line. The pre-
chicane beam line was designed and constructed for the E05-115 experiment instead of an
original beam line of JLab Hall C.
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line. In the E01-011 experiment, a \post"-chicane beam line was used. However, background
particles in spectrometers could be increased since post-chicane magnets bent halo-particles
generated in the target. To avoid a possibility the background particles contaminate spectrom-
eters from the post-chicane beam line, the pre-chicane beam line was designed and constructed
instead of an original beam line in the experimental hall C, taking into account the optical
matching with our spectrometer systems.

2.3.3 Target

In the experiment, solid targets of “Li, °Be, °B, 2C and %2Cr were used for  hypernuclear
production. In addition, polyethylene (CH,) and water (H,O) targets were used for an energy

scale calibration by measuring and °. The targets used in the experiment are listed in
Table 2.3.
Table 2.3: List of targets used for the E05-115 experiment.
Target Reaction Thickness Density | Purity Radiation length | X=X,
(%) [mg/cm?] | [g/cm?] [%] (Xo) [g/cm?]
CH; p(ee'K*) , O 450.8 0.92 - 44.77 1.0 10 ?
12c(e’e0K+)lZB
H,O p(ee'K*) , O 500.0 1.00 - 36.08 1.4 10 2
160(e,e°K+)16N
Li "Li(e,e'K*)" He 208.0 0.54 99.9 82.78 25 10 3
Be | °Be(e,e'K*) Li 188.1 1.848 100.0 65.19 2.9 10 3
g | 10B(e,e'K*)Be 56.1 2.16 99.9 49.19 1.1 10 3
12c 12C(e,e'K*)1’B 87.5 1.75 98.89 42.70 2.0 10 3
(*3C:1.11)
2Cr | %Cr(e,e'K*)%?V 134.0 7.15 99.9 15.3 8.8 10 3
154.0

The targets were put on a target holder which was attached on a target ladder as shown in
Fig. 2.8 and Fig. 2.9. The target holder has several pockets to put the solid targets. Water was
owed along the edge of target ladder to cool down the solid targets, and also used as a target
with 25 m \HAVAR""? foils (in back and front) at the end of target ladder.

The target holders were exchanged three times, and the three target sets are summarized in

Table. 2.4. Radiation levels around the target were high for a while after the beam irradiation.
In consideration of our health issue and given experimental time, once the target holder was
set, the target position was remotely controlled from an experimental counting room.

Maximum beam current for each target was estimated [63] considering their melting points
and heat conduction by using ANSYS™ which is a software with three-dimensional nite el-
ement method. In the calculation, target thickness was assumed to be 100 mg/cm?. The
expected maximum beam current are summarized in Table. 2.5

"IHAVAR is a non-magnetic cobalt-base alloy which exhibits high strength.
“2http://ansys.jp/
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Table 2.4: Target sets used in the experiment.

Pocket number | Target set 1 | Target set 2 | Target set 3
(Holder 1) | (Holder 2) | (Holder 2)

1 BeO BeO BeO
2 S2Cr S2Cr S2Cr
3 10

4 1B CH, CH,
5 12C

6 Li °Be e

3
|
|
|
|
|
1

Target Iadder

"qc e

Figure 2.8: The target was set at the entrance of the splitter magnet.

Table 2.5: The expected maximum beam current for each target with 100 mg/cm? thickness [63].
The maximum beam current was estimated up to 50 A.

Target | Melting point [64] Expected maximum Beam current
K] temperature [K] [ A
Li 460 386 30
108 2200 970 50
2c 3650 521 50
52Cr 1890 988 50
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Figure 2.9: A schematic drawing of the target ladder. The target holder which has some pockets
to hold targets was put on the ladder.

Table 2.6: Main parameters of SPL.

Pole gap height [mm] 190

Maximum magnetomotive force [A turns] 214200

Number of turns 210

Conductor size 17 mm 17 mm ( 11 hole)
Maximum eld [T] 1.74

Maximum current [A] 1020

Total magnet weight [ton] 31.7

2.3.4 Splitter magnet (SPL)

The splitter magnet (SPL) was newly constructed for the JLab E05-115 experiment to optimize
an optical matching between HKS and newly constructed HES. A main role of the splitter
magnet is to lead positive and negative charged particles toward opposite directions.

Fig. 2.10 shows the di erential cross sections of 2B ground state as a function of K*
scattering angle in the laboratory system by DWIA calculation [65]. On the other hand, virtual
photon ux as a function of the e’ scattering angle is shown in Fig. 2.11. Both Fig. 2.10 and
Fig. 2.11 show forward peaks meaning that both a K* and an €’ should be detected with their
small scattering angles to maximize the yields of hypernuclei. Therefore, SPL was introduced
to measure both a K* and an €’ with their small scattering angles avoiding physical interference
between magnetic spectrometers.

Fig. 2.12 shows a drawing of SPL. Optical design for SPL had been done carefully since it
has one entrance for an incident beam and four exits for an outgoing beam, a photon, a K*
and an e*.

2.3.5 High resolution Kaon Spectrometer (HKYS)

HKS which consists of QQD magnets (Fig. 2.13) and some particle detectors was designed to
achieve a momentum resolution of p=p > 2 10 4 (FWHM) with a central momentum of
1.2 GeV/c. The main parameters of the HKS system are listed in Table. 2.2.
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Figure 2.12: A schematic drawing of SPL. The unit is mm.
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Figure 2.13: A schematic drawing of the HKS spectrometer. It consists of two quadrupole and
one dipole magnets (KQ1, KQ2, KD). The unit is mm.

A clean K™ identi cation (KID) is one of the key points to carry out the experiment since
huge amount of *s and protons are included in HKS as background particles. Both on-line
and o -line KID were done, and will be described in Sec. 4.3.2. Fig. 2.13 shows a schematic
drawing of the HKS magnets (KQ1, KQ2, KD). The main parameters of these magnets are
summarized in Table. 2.7.

An acceptance of HKS was estimated by a Monte Carlo simulation with Geant4. Fig. 2.14
shows the simulated results of a correlation between the K™ momentum and scattering angle
in the laboratory frame, and the solid angles as functions of the K* momentum and scatter-
ing angle. The HKS solid angle with the splitter magnet was 8.5 msr for the HKS central
momentum.

HKS collimator and sieve slit

Fig. 2.15 shows a schematic drawing of the HKS collimator and sieve slit unit. It was made
of an one inch thickness HEAVIMET which is tungsten alloy, and set just in front of KQL.
The collimator and sieve slit unit was movable. Its position was remotely controlled during the
experiment.

The collimator was used for production data to avoid particles passing through around edge
of KQ1 where magnetic eld was not optimal as a spectrometer. On the other hand, the sieve
slit was used for data for optics optimization of HKS in the o -line analysis as will be shown
in Sec. 4.8.1.
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Table 2.7: The main parameters of the HKS quadrupole magnets (KQ1, KQz2).

KQ1 KQ2
Bore radius [mm] 120 145
Pole length [mm] 840 600
Maximum magnetomotive force [A turns] 224000 144000
Number of turns 256 320
Conductor size 8 8( 6hole) 13,5 11.5( 6.3 hole)
Coil winding Double pancake Solenoid
Maximum eld gradient [T/m] 6.6 4.2
Maximum current [A] 875 450
Resistance [m ] 181 at 55 C 119 at 45 C
Cooling water ow rate [I/m] 49.6 17.3
Pressure Drop [MPa] 0.36 0.38
Number of coolant circuits 16 8
Total magnet weight [ton] 8.2 10.5

Table 2.8: The main parameters of the HKS dipole magnet (KD).

Pole gap height [mm]
Pole length [mm]

Number of turns
Conductor size [mm]
Maximum eld [T]
Maximum current [A]
Resistance [m |

Cooling water ow rate [I/m]
Pressure drop [MPa]
Number of coolant circuits
Total magnet weight [ton]

Maximum magnetomotive force [A turns]

200
1560
291840
256
22 22 ( 12 hole)
1.53
1140
145 at 475 C
Gap side Yoke side
66.3 68.8
0.32 0.35

210
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Figure 2.14: Simulation results of a correlation between the K* momentum and scattering
angle in the laboratory frame, and the solid angles as functions of the K* momentum and
scattering angle.
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Figure 2.15: A schematic drawing of the HKS collimator and sieve slit unit. It was made of a
one inch thickness HEAVIMET which is tungsten alloy, and set just in front of KQ1. The unit
IS mm.

2.3.6 High resolution Electron Spectrometer (HES)

HES which consists of QQD magnets (Fig. 2.16) and a detector package for high rate elec-
trons was designed and constructed for the E05-115 experiment. HES was designed to achieve
a momentum resolution of p=p * 2 10 * (FWHM) aiming to achieve 0.5 MeV missing
mass resolution in FWHM. The main parameters of the HES magnets are listed in Table. 2.9
(quadrupoles) and Table. 2.10 (dipole).

It was expected that background particles originate from electromagnetic processes which
are roughly in proportion to square of a target proton number, Z? increase in HES. Since it is
the rst attempt to measure a hypernucleus which have medium mass number with the (e,e'K™)
reaction, these background particles should be carefully considered in terms of yields and S/N
of hypernuclei particularly for the medium heavy hypernucleus, %2V,

Table 2.9: The main parameters of the HES quadruple magnets (EQ1, EQ?2).

EQ1 EQ2
Bore radium [mm] 100 125
Pole length [mm] 600 500
Maximum magnetomotive force [A turns] 144000 144000
Number of turns 180 180
Conductor size [mm] 9 9( 6hole) 9 9 ( 6 hole)
Maximum eld gradient [T/m] 7.8 5.0
Maximum current [A] 800 800
Total magnet weight [ton] 2.8 3.1
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Figure 2.16: A schematic drawing of the HES magnets. It consists of two quadrupole and one
dipole magnets (EQ1, EQ2, ED). The unit is mm.

Table 2.10: The main parameters of the HES dipole magnets (ED).

Pole gap height [mm] 194

Pole length [mm] 1560
Maximum magnetomotive force [A turns] 289680
Number of turns 136
Conductor size [mm] 17 17 ( 11 hole)
Maximum eld [T] 1.65
Maximum current [A] 1065

Total magnet weight [ton] 36.4
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In this section, origins of background particles, treatments for the background particles (tilt
method) and an acceptance estimation of HES with SPL are described.

Background electrons

There are two major background sources for the electron spectrometer. One is Bremsstrahlung
and the another is M ller scattering.

Bremsstrahlung

Electrons which lose their energy in the target by the Bremsstrahlung process got into
HES as background particles. The Bremsstrahlung electron rates are increased as the
target proton number (Z) since its cross section is roughly in proportion to Z2. It makes
us di cult to perform an (e,e’K*) experiment with medium or large mass number targets.
The energy and angular distributions of Bremsstrahlung are represented by the following
equation [66]:

. _ 2°E b1 (Z%2+Z) + by (X  2Z%F(( 2)?)) ; (2.9)
d dk kmd ? ’ '
by 2y 2 12 Y);
1+ @+
. 2 2y+y* 41 ),
2

(1+1)? a+n*

where k is the photon energy and,

ZEEZ
| = ¢ (\:photonangle); (2.10)
me
- K <1 (2.11)
y - Ee ’ .
1:0082°
f(2) = 12027 1:08692% + —— :; (2.12)
h 22142 h s ez
X = z2 M@ DTt g M (2.13)
ast,i, +1 act,, +1
. . 1=2 1=3
. = 184152718) 27 = (2.14)
Me
1194(2:718) 2z 2=
a = ( ) ; (2.15)
h Me i
km2(1+ 1)? "2
¢ o= medr (2.16)
2Ec(Ee k)

Fig.2.17 shows di erential cross sections of Bremsstrahlung as a function of the electron
scattering angle in the laboratory frame for “Li, >C and %2Cr targets at E, = 2:344 GeV
and pe = 0:844 GeV/c. The cross section for >2Cr target is larger than those for *2C and
’Li targets by factors of 14 and 50, respectively.

In the E05-115 experiment, the beam energy of 2.344 GeV which was higher than that
of the E01-011 experiment (E. = 1:851 GeV) was used. A cross section comparison
between EO05-115 and E01-011 is shown in Fig. 2.18. The angular distribution become
more forward with higher beam energy. In the HES angular acceptance ( ¢ = 0:035 to
0.200 rad), the cross section is suppressed by more than a factor of 10 comparing with
the E01-011 experimental condition.
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Figure 2.17: The di erential cross sections of
Bremsstrahlung as a function of the electron
scattering angle for “Li, *2C and %°Cr targets
at E. = 2:344 GeV and p, = 0:844 GeV/c.
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Figure 2.18: The di erential cross sections
of Bremsstrahlung as a function of the elec-
tron scattering angle for 2C target for con-
ditions of JLab E01-011 (E. = 1:851 GeV,
pe = 0:316 GeV/c) and JLab EO05-115 (Ee =

2:344 GeV, pe = 0:844 GeV/c).

M ller scattering
M ller scattering, electron-electron scattering is another background source for HES. The
di erential cross section in the center-of-mass frame is written by the following equation

[67]:
dm _ (2B m)? " 4 3, (B2 mz 4 1
d cm 4EZ, (B2, M2 sin* o sin? oy (EZ, md)? sin? cm

(2.17)

Fig. 2.19 and Fig. 2.20 show the cross sections of M ller scattering as a function of the
electron scattering angle in the laboratory frame ( ) for experimental setups for E05-
115 (E. = 2:344 GeV) and E01-011(Ee = 1:851 GeV). Once the scattering angle is xed,
the momentum of electron is determined since it is a two-body reaction. Colored region
in the gures indicate momentum acceptance of electron spectrometers for JLab E05-115
and JLab EO01-011.

Both electrons associated with virtual photon (Fig.4.43) and background electrons have for-
ward peak distributions although its shapes are di erent. Thus, the angular acceptance of HES
needed to be optimized to maximize the S/N and yields of hypernuclei. This optimization is
essential particularly for the measurement of a medium-heavy hypernucleus.

Tilt method and setup optimization

To maximize the S/N and yields of hypernuclei, the angular acceptance of HES was optimized
by adopting a tilt method. HES was vertically tilted (tilt method) avoiding very small scattering
angles where background electron rate is extremely high.

The tilt angle was optimized with a Monte Carlo simulation (Geant4). In the simulation,
electron rate of each process was estimated as a function of the tilt angle (Fig. 2.21). A gure
of merit (FoM) was de ned to be:

R
FoM = p Ve

2.18
IvRBrems + RM ller ( )
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Figure 2.19: The di erential cross section of Figure 2.20: The di erential cross section of
M ller scattering as a function of electron M ller scattering as a function of electron
scattering angle in the laboratory frame for scattering angle in the laboratory frame for
the experimental setup of E05-115 (E. = the experimental setup of EO01-011 (E. =
2:344 GeV). 1:851 GeV).

where Ryp, Rerems @and Ry j1er @re rates of electrons associated with virtual photon, Bremsstrahlung
and M ller scattering, respectively, in HES. The FoM is also shown in Fig. 2.21. The FoM be-
comes high with the tilt angle of 5.8 degrees. The yield of electrons associated with virtual
photon is monotonically reduced as the tilt angle increases. Considering both S/N and yield,
the tilt angle was chosen to be 6.5 degrees. A schematic drawing of HES with its tilt angle of
6.5 degrees (side view) is shown in Fig. 2.22.

The optimized angular acceptance of HES superimposing with angular distributions of scat-
tered electrons associated with virtual photon, Bremsstrahlung and M ller scattering are shown
in Fig. 2.23. The vertical axis unit is arbitrary.

Comparison with ENGE spectrometer

In the E05-115 experiment, beam energy was higher (Ee = 2:344 GeV) than that of the E01-011
experiment (Ee = 1:851 GeV). For those beam energies, the angular distributions of scattered
electrons associated with virtual photon are similar as shown in Fig. 4.43. On the other hand,
background electrons by Bremsstrahlung and M ller scattering become more forward distri-
butions as a beam energy is increased. Thus, the S/N is improved even when the angular
acceptance is exactly the same.

The HES angular acceptance could be set at more forward scattering angles than that
of E01-011 experiment, thanks to the situation that the background electrons distribute at
more forward scattering angles. Moreover, the HES angular acceptance is larger than that of
ENGE which was used in the E01-011 experiment as the magnetic spectrometer for scattered
electron. These facts increased the yields of electrons associated with virtual photons by 8
times comparing to that of the E01-011 experiment.  Fig. 2.24 and Fig. 2.25 show Monte
Carlo simulation results of x'(= g—’z‘) vs. Y!(= B—Z) distributions of electrons associated with
virtual photon, Bremsstrahlung and M ller scattering at the target for the E01-011 and EO05-
115 experimental conditions, respectively.
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Figure 2.21: A Monte Carlo simulation results of rates of electrons associated with virtual
photon, Bremsstrahlung and M ller scattering as a function of HES tilt angle. The gure of
merit (FoM) which was de ned by Eg. (2.18) is also plotted. Considering the FoM (S/N) and
yield, the tilt angle was chosen to be 6.5 degrees.
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Figure 2.22: A schematic drawing of HES with its tilt angle of 6.5 degrees. The nuit is mm.



















































































































































































































































































































































































































































