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Abstract 
 
 An ambitious and challenging experimental program, aimed at obtaining high-resolution 
hypernuclear spectroscopy via the (e,e’K+) reaction, was started at Jefferson Lab 15 years ago. The data, 
taken in both Hall A and Hall C using p-shell and medium-mass nuclear targets, have provided clear 
spectra with 0.5~0.8-MeV energy resolution. The process, whose feasibility has been established at JLab, is 
now widely recognized as a powerful tool to study hypernuclear spectroscopy, in addition to the (K-, π-) 
and (π+, K+) reactions. Electron- and hadron-induced reactions are in fact complementary to one another, 
being predominantly driven by spin-flip and non-spin-flip mechanisms, respectively.  Furthermore, the 
(e,e’K+) reaction allows us for a much better energy resolution and produces mirror hypernuclei with 
respect to those produced with hadron probes.  
 The 6 GeV experiments provided the experience needed to confidently set up a new program for the 
12 GeV era. It should be noted that the new optimized experimental design not only widens and deepens 
the physics investigation range and topics, but also dramatically improves on the data quality and 
production efficiency, maximizing the physics output. 
 The recent observation of two-solar-mass neutron stars rules out most of the current models of  
hyperonic matter equation of state, which favour the appearance of hyperons in the neutron  star interior 
but predict maximum masses (Mmax) incompatible with data. This issue, referred to as “hyperon puzzle”, 
strongly suggests that the present understanding of nuclear interactions involving hyperons is far form 
being complete.  

Owing to the severe difficulties involved in the extraction of the potential describing YN interactions 
from YN scattering data, the study of hypernuclear spectroscopy appears to be the most effective approach 
to obtain new information, much needed to unravel the hyperon puzzle. 

For this reason the JLab hypernuclear collaboration proposed to PAC43 a coherent series of studies of 
the (e,e’K+) reaction, to be performed using targets spanning a wide range of mass. The purpose of this 
analysis was investigation of the ΛN interactions in a variety of nuclear media. The PAC43 identified the 
study of the isospin dependence as the highest priority, and conditionally approved the 40

ΛΚ and 48
ΛΚ 

measurements as E12-15-008.   
 We submitted to PAC 44 a new proposal on 40

ΛΚ and 48
ΛΚ, mainly focused on the isospin 

dependence of hyperon dynamics, which was approved.  
 In view of the astrophysical implications, valuable additional information can be obtained by expanding  the 
kaon electroproduction program to include a study of the 208Pb(e,e’K+)208

ΛTl reaction.  
Thanks to the extended region of constant density and the large neutron excess, 208Pb provides the best available 
proxy of neutron star matter. Therefore, the use of a 208Pb target will allow to investigate hypernuclear dynamics in a 
new environment, in which three-body interactions are expected to play an important role. In addition, the 
availability of accurate 208Pb(e, e’p)207Tl data will allow to exract the Λ binding energies from the measured (e,e’K+) 
cross section using a largely model independent procedure. The results of this analysis will provide essential 
information, needed to constrain and improve the available models of YN and YNN potentials. 
 We submitted this proposal 2 years ago, it was deferred. This is an update version of it following the 
reccomendations given by the PAC 
 
 
1. Introduction 

The presence of hyperons (i.e. baryons with strange content) in finite and infinite nuclear systems 
constitutes a unique probe of the deep nuclear interior which gives us the opportunity to study baryon-
baryon interactions from an enlarged perspective and to extend, in this way, our present knowledge of 
conventional nuclear physics to the SU(3)-flavor sector.  

Contrary to the nucleon-nucleon (NN) interaction, which is fairly well known due to the large 
number of existing scattering data and measured properties of nuclei, hyperon-nucleon (YN) and hyperon-
hyperon (YY) interactions are still poorly constrained. Owing to the severe difficulties involved in the 
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extraction of the potential describing YN interactions from YN scattering data, the study of hypernuclear 
spectroscopy appears to be the most effective approach to obtain new information. 

In fact, one of the goals of hypernuclear physics is to study precisely, trough spectroscopic 
investigation of Λ hypernuclei (nuclear many-body systems containing one Λ particle), hypernuclear 
observables with the underlying bare hyperon-nucleon (YN) and hyperon-hyperon (YY) interactions.  

Neutron stars, remnants of the gravitational collapse of massive stars, have masses and radii of the 
order of 1-2 0⊙  (0⊙  ~ 2 x1033g being the mass of the Sun) and 10 - 12 km, respectively and  central 
densities in the range of 4 - 8 times the normal nuclear matter saturation density, εo  = 2.7 x 1014 g/cm3 (ρo 
~ 0.16 fm-3). They are most likely among the densest objects in the Universe. These objects are an excellent 
observatory to test our present understanding of the theory of strong interacting matter at extreme 
conditions, and they offer an interesting interplay between nuclear processes and astrophysical observables. 
Conditions of matter inside neutron stars are very different from those one can find in Earth, therefore, a 
good knowledge of the Equation of State (EoS) of dense matter is required to understand the properties of 
these objects.  

Nowadays, the true nature of neutron stars is still an open question. Traditionally the core of neutron 
stars has been modeled as a uniform fluid of neutron-rich nuclear matter in equilibrium with respect to the 
weak interaction (β-stable matter). Nevertheless, due to the large value of the density, new hadronic 
degrees of freedom are expected to appear in addition to nucleons. Hyperons are an example of these new 
degrees of freedom. Contrary to terrestial conditions, where hyperons are unstable and decay into nucleons 
through the weak interaction, the equilibrium conditions in neutron stars can make the inverse process 
happen. Hyperons may appear in the inner core of neutron stars at densities of about 2-3 ρo. At such 
densities, the nucleonic chemical potentetial is large enough to make the conversion of nucleons into 
hyperons energetically favorable making the EoS softer consequentely reducing the maximum mass.  

This is in contrast with the astrophysics observations (“hyperon puzzle”). The solution of this problem 
isn’t easy. A mechanism that could provide additional repulsion making EoS stiffer is needed.  
Different mechanism have been proposed that could provide additional repulsion: a. exchange of vector 
meson, b. repulsive three body forces, c. phase transition to deconfined quark matter at densities below the 
hyperon threshold. 
 
 

1. Proposed experiment 
The JLab hypernuclear collaboration proposed to PAC43 a coherent series of studies of the (e,e’K+) 

reaction, to be performed using targets spanning a wide range of mass. The purpose of this analysis was 
investigation of the ΛN interactions in a variety of nuclear media.  

The collaboration submitted to PAC 44 a new proposal on 40
ΛΚ and 48

ΛΚ, mainly focused on the 
isospin dependence of ΛN interaction, which was approved.  
 Subsequently, a Letter Of Intent concerning the study of the reaction 23(4, 4′678 9+) :;<

678  has been 
submitted to PAC 45. The PAC encouraged the collaboration to submit the present proposal. 

The technique of (e,e′K+) hypernuclear spectroscopy is currently the only method that can measure the 
absolute hypernuclear binding energy centroids for ground and excited states with an unprecedented 
accuracy of <100 keV. It should be noted that reaction spectroscopy such as (e,e′K+) hypernuclear 
spectroscopy provides information on the cross section as well as on the binding energy. These information 
are complementary to the information obtained by decay product studies such as gamma and decay-pion 
spectroscopies.  

A consistent theoretical framework for the analysis of electron-nucleus scattering in the impulse 
approximation regime—in which the nuclear cross section can be written in factorised form using the 
Green’s function formalism—has been widely and successfully applied to the analysis of  (e, e’p) data, see 
[Benhar2016]. The recent progresses in the treatment of both the elementary e + p → e’ + Λ + K+ reaction 
[Bydžovský2018] and the transition amplitues of heavy nuclei [Vidaña2017], will allow the generalisation 
of this approach to the description of the 208Pb(e,e’K+)208

ΛTl cross section [Benhar2020]. In addition, the 
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availability of accurate 208Pb(e, e’p)207Tl data will allow to exract the Λ binding energies from the 
measured (e,e’K+) cross section using a largely model independent procedure. The results of this analysis 
will provide essential information, needed to constrain and improve the available models of YN and YNN 
potentials 

 
2.1 Neutron stars and the Hyperon puzzle 

Neutron stars (NS) are the most compact and dense stars in the universe, with typical masses 
0	~	1.4	0⊙  and radii R~10 km. Their central densities can be several times larger than the nuclear 
saturation density,	C7 = 0.16	fm-3. Since the Fermi energy of fermions at such densities is in excess of tens 
of MeV, thermal effects have little influence on the structure of NS. Therefore, they exhibit the properties 
of cold matter at extremely high densities, very far from being realized in present terrestrial experiments. In 
the era of multi-messenger astronomical observations, NS offers a unique opportunity to test a broad class 
of theories, from nuclear physics to general relativity, including the recent observation of gravitational 
waves. 
  From the surface to the interior of a NS, stellar matter undergoes a number of transitions. From 
electron and neutron-rich ions in the outer envelopes, the composition is believed to change into a 
degenerated gas of neutrons, protons, electrons and muons in the outer core. 
At densities larger than ~2C7	new hadronic degrees of freedom or exotic phases are likely to appear. Fig.2-
1 shows the chemical potentials and concentrations of stellar constituents in beta-stable hyperonic matter as 
a function of baryon density, obtained from a recent theoretical calculation employing modern baryonic 
potentials [Bom16]. 
 

 
 
 
 
 

The first theoretical indication for the appearance of hyperons in the core of a NS was already advocated 
in 1960 [AMB60]. In the degenerate dense matter forming the inner core of a NS, Pauli blocking would 
prevent hyperons from decaying by limiting the phase space available to nucleons. When the nucleon 
chemical potential is large enough, the conversion of nucleons into hyperons becomes energetically 
favorable. This results in a reduction of the Fermi pressure exerted by the baryons and a softening of the 
equation of state (EOS). As a consequence, the maximum mass determined by the equilibrium condition 
between gravitational and nuclear forces is reduced. The value of about	1.50⊙ for the maximum mass of a 
NS, inferred from neutron star mass determinations [THO99], was considered the canonical limit, and it 
was compatible with most EOS of matter containing strangeness. However, the recent measurements of the 
large mass values of the millisecond pulsars J1614-2230 (1.97(4)0⊙) [DEM10] and PSR J0348+0432 
(2.01(4)0⊙) [ANT13] require a much stiffer equation of state.   

This seems to contradict the appearance of strange baryons in high-density matter given what is known 
at present about the hyperon-nucleon interaction. This apparent inconsistency between NS mass 

Figure 2-1: Chemical potentials µ, and concentrations Y of the stellar 
constituents in hyperonic matter as a function of the baryon density [Bom16]. 
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observations and theoretical calculations is an outstanding problem, ß known as “hyperon puzzle”. Its 
solution will require a better understanding of the YN interaction in a wide range of systems, from light to 
medium and heavy hypernuclei, as well as the development of a consistent framework allowing for 
accurate theoretical calculation. 

Currently there is no general agreement (even qualitative) among the predicted results for the EOS and 
the maximum mass of NS including hyperons. This has to be ascribed to the combination of an incomplete 
knowledge of the forces governing the system (in the hypernuclear case both two- and three-body forces), 
and to the concurrent use of approximated theoretical many-body techniques. Some classes of methods 
extended to the hyperonic sector predict the appearance of hyperons at around 2-3C7 , and a strong 
softening of EOS, implying a sizable reduction of the maximum mass [VID11, HJS11, MAS12]. On the 
other hand, other approaches suggest much weaker effects arising from the presence of strange baryons in 
the core of the star [BED12, WEI12, MIY13, LOP14]. 

The large body of available nucleon-nucleon scattering data allows one to derive satisfactory models of 
two-body nuclear forces, either purely phenomenological [WIR95] or built on the basis of an effective field 
theory [MAC96, EPE05, EKS13, GEZ13]. In the hyperon-nucleon sector, few scattering data are available, 
although a ΣN scattering experiment is currently in preparation at J-PARC [MIW11], and no scattering data 
exist in the hyperon-hyperon sector. The main reasons of this lack of information lie in the instability of 
hyperons in the vacuum, and the impossibility of collecting hyperon-neutron and hyperon-hyperon 
scattering data. This implies that realistic hypernuclear interaction models must also rely on information 
extracted from the binding energies of hypernuclei. 

In the non-strange nuclear sector the binding energies of light nuclei have been used to constrain 
three-nucleon potential models. However, the most accurate phenomenological three-body force (Illinois 7 
[PIE08]), while providing a satisfactory description of the spectrum of light nuclei up to 12C [PIE08] yields 
to a pathological EOS for pure neutron matter (PNM) [MAR13]. On the other hand, when additional 
information on the three-nucleon interaction is inferred from saturation properties of symmetric nuclear 
matter (Urbana IX force [PUD95]), the resulting PNM EOS turns out to be stiff enough to be compatible 
with astrophysical observations [GAN12]. Recent analysis of 16O-16O scattering data shows that the 
established meson exchange potential model (Nijmegen ESC08c [NAG14]) cannot reproduce the cross 
section at large scattering angles and inclusion of 3-body/4-body repulsive forces solves the problem 
[FUR09].  

Thus, there is a general indication that 3-body/4-body repulsive forces become quite significant at 
high density, but they cannot be constrained from light systems. In a similar fashion, the binding energies of 
light hypernuclei do not suffice in constraining hypernuclear interactions. Heavier hypernuclei have been 
studied with pion beams but the achieved precision is not enough to extract detailed information about the 
3-body hyperon-nucleon force. 

Additional information must necessarily be inferred from the properties of medium and heavy 
hypernuclei in order to extrapolate to the infinite-mass limit for discussion of highly massive asymmetric 
nuclear matter such as neutron stars and strange hadronic matters (HI~HJ~HK).  

The hypernuclei  40
�K and 48

�K, show very different isospin asymmetry (δ=0.05 and 0.188, 
respectively) that allows us to extract isospin dependence of the 3-body ΛNN force.  

The approved proposal E12-15-008  will study this part. 
Here, we propose a study of the !"(', '′	

#$% *+) -.L
#$%  reaction, in which the use of a much 

heavier target with large neutron excess, providing a good proxy of matter in the neutron star 
interior,  is exploited to obtain complementary information on three-body forces, needed to address 
the “hyperon puzzle”. Note that in the non strange sector the contribution of three-nucleon forces, 
which is known to be large and repulsive in nuclear matter at equilibrium density, is believed to be 
much smaller and attractive in 40Ca [LONA2017]. 

The measured charge density distribution of 208Pb, illustrated in Fig.2.2 [Fro], clearly shows that the 
region of nearly constant density accounts for a very large fraction (~70 %) of the nuclear volume, thus 
suggesting that its properties largely reflect those of uniform nuclear matter in the neutron star interior. The 
validity of this conjecture has been long established by a comparison between the results of theoretical 



	
	

	 8	

calculations and the data extracted from the 208Pb(e,e´p)207Tl cross sections measured at NIKHEF in the 
1980s [Quint, Baten]  

 
Fig. 2.2 Charge density distributions of nuclei with mass 16 ≤ A ≤ 208 [Fro]  

 
 
 

 
Fig. 2-3 Energy dependence of the spectroscopic factors extracted from the measured	 208Pb(e,e´p)207Tl 
cross sections [BEN90, Quint, Baten] compared to the theoretical results of Ref. [BEN90]. The black and 
red solid lines, labelled Z(208Pb) and ZNM, correspond to 208Pb and uniform nuclear matter, respectively. 
The effects of short- (SRC) and long-range-correlations (LRC), the latter arising from surface and shell 
effects, are indicated. 

 
As shown in Fig. 2-3 the energy dependence of the spectroscopic factors, obtained from the analysis 

of the measured missing energy spectra, turns out to be in remarkably good agreement with the results 
reported in the pioneering work of Ref. [BEN90]. Short-range correlations appear to be the most important 
mechanism leading to the observed quenching of the spectroscopic factor, while surface and shell effects 
only play an important role in the vicinity of the Fermi surface.  

The picture emerging from Fig. 2.3 suggests that deeply bound protons in the 208Pb ground state 
largely  behave as if they were in nuclear matter.  
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Fig. 2-4 Schematic representation of the (e,e´K+) reaction. The left and right boxes highlight the amplitudes 
involved in the proton and Λ spectral functions, respectively 
 
Figure 2-4, provides a schematic representation of the (e,e´K+) reaction, illustrating the connection with the 
corresponding (e,e´p) process. Τhe left and right boxes highlight the amplitudes determined by nuclear and 
hypernuclear dynamics described by the nucleon and hyperon spectral functions respectively. 

The availability of the information obtained from the measured (e,e´p) cross sections will be critical 
for the interpretation of (e,e´K+) data.  

To see this, just consider that the hyperon binding energies are given by the difference between the 
missing energies measured in (e,e´K+) and the proton binding energies obtained from the (e,e´p) cross 
sections.  

Hence, (e,e´p) data will provide the baseline needed to extract information on hyperon binding 
energies. 

The recent progresses in the treatment of both the elementary e + p → e’ + Λ + K+ reaction 
[Bydžovský2018] and the transition amplitues of heavy nuclei [BEN90,Vidaña2017], will allow the 
generalisation of the approach based on factorization, successfully employed to analyse  (e, e’p) data, to the 
description of the 208Pb(e,e’K+)208

ΛTl cross section [Benhar2020]. The results of this analysis, combined 
with the availability of model independent information on the hyperon binding energies, will allow to 
constrain and improve the available models of YN and YNN potentials. 

In view of the above considerations, the use of a 208Pb target appears to be best suited to obtain 
information Λ interactions in a uniform nuclear medium with large neutron excess. 
 
 
2.2 Theoretical models 
 A simple theoretical description of Λ−hypernuclei consists of an ordinary nucleus with a Λ sitting in 
one of the single-particle states of an effective Λ-nucleus mean field potential. In this description, whose 
quality relies on the validity of the mean field picture, the hypernuclear Hamiltonian consists of the 
Hamiltonian for the core-nucleus, the Λ kinetic energy and the sum of ΛN interaction terms that can be 
derived with various theoretical frameworks.  
 From the analysis of hypernuclear binding energies and the limited available YN scattering data, different baryon-
baryon interaction models have been formulated. A commonly followed approach to construct YN and YY interactions is 
to start from a given nucleon-nucleon one and to extend it to the strange sector by imposing the SU(3)-flavor symmetry to 
fix all those parameters that cannot be fixed by the scarce amount of scattering data. This has been mainly done in the 
framework of a meson-exchange theory by the Nijmegen [MAE89,RIJ99,STO99,RIJ06,RIJ06b] and Juelich 
[HOL89,HAI05] groups. Recently, a new approach based on chiral effective field theory (CEFT) has emerged as poweful 
tool [POL06,HAI13,HAI20]. Microscopic hypernuclear structure calculations can provide the desired link between 
hypernuclear observables and the bare YN and YY interactions. These calculations are based on the construction of  
effective YN and YY interactions derived from the bare YN and YY ones by using diferents approaches such as G matrix 
methods. The most recent study of the structure of single-Λ hypernuclei from 5

ΛHe to 209
ΛPb based on a G-matrix 

method has employed chiral YN potentials of the Juelich-Bonn-Munich group [POL06,HAI13,HAI20] 
derived at leading order (LO) and next-to-leading order (NLO) [HAI20b]. A sizable cut-off regulator 

L. YUAN et al. PHYSICAL REVIEW C 73, 044607 (2006)

AY AY

+K

(a) (b)

A A

N Y N Y

+
γ

eπ πK − −, K+, e

FIG. 1. A schematic representation of the (a) mesonic and
(b) electromagnetic production processes.

normal nuclear densities, and this information can serve
as a normalization point, to extrapolate the interaction to
matter-densities found in neutron stars, where mixtures of
nucleons and hyperons could form a stable system [4].

Traditionally, hypernuclei have been produced with sec-
ondary beams of kaons or pions, as shown in Fig. 1(a). Because
the (K−,π−) reaction is exothermic, the three-momentum
transfer to the " can be chosen to be small. In this situation
the cross section to substitution states (i.e., states where
the " acquires the same shell quantum numbers as those
of the neutron which it replaces) is relatively large. On
the other hand, the (π+,K+) reaction has three-momentum
transfers comparable to the nuclear Fermi-momentum, and the
cross section preferentially populates states with high angular
momentum transfers [5,6]. Neither of these two reactions has
significant spin-flip amplitude at forward angles where the
cross sections are experimentally accessible. Thus all these
spectra are dominated by transitions to non-spin-flip states.

Aside from early emulsion experiments, mesonic reaction
spectroscopy of hypernuclei has generally provided hypernu-
clear spectra with energy resolutions !2 MeV. This is due to
the intrinsic resolutions of secondary mesonic beamlines, and
the target thicknesses required to obtain sufficient counting
rates. One previous study did achieve a spectrum resolution of
approximately 1.5 MeV for the "C hypernucleus, using a thin
target and devoting substantial time to data collection [7].

Although, specific hypernuclear states below nucleon emis-
sion threshold can be located within "1 keV by detecting
deexcitation gammas [8,9] in coincidence with a hypernuclear
production reaction, such experiments become more difficult
in heavier systems due to the number of transitions which
must be unambiguously assigned in an unknown spectrum. It
should be noted however, that resolutions of a few hundred keV
are also sufficient for many studies, since reaction selectivity
and angular dependence potentially allows extraction of the
spectroscopic factors to specific states [10]. A reaction also
provides a full spectrum of states which can be clearly
identified with a specific hypernucleus. Indeed the excitation
strength of the spectrum is of interest, as the impulse
approximation assumes that the reaction proceeds through
the interaction of the incident projectile with a nucleon in
a single-particle state within the nuclear medium. Thus as
an example apropos to the experiment reported here, if the
theoretical spectrum does not reproduce the experimental
one, it is possible that propagator renormalization within the
medium could be significant [11], requiring a modification of
the single-particle picture of the reaction.

Electroproduction of hypernuclei is illustrated by Fig. 1(b).
Electroproduction traditionally has been used for precision
studies of nuclear structure, as the exchange of a photon can be
accurately described by a first order perturbation calculation.
In addition, electron beams have excellent spatial and energy
resolutions. Previously, electron accelerators had poor duty
factors, significantly impairing high singles rate, coincidence
experiments. However, modern, continuous beam accelerators
have now overcome this limitation, and although the cross
section for nuclear kaon electroproduction is smaller than
that for hypernuclear production by the (π,K) reaction for
example, this can be compensated by increased beam intensity.
Targets can be physically small and thin (10–100 mg cm−2),
allowing studies of almost any isotope. The potential result
for (e, e′K+) experiments, is an energy resolution of a few
hundred keV with reasonable counting rates up to at least
medium weight hypernuclei [12].

The (e, e′K+) reaction, because of the absorption of the
spin 1 virtual photon, has high spin-flip probability even at
forward angles. In addition, the three-momentum transfer to
a quasifree " is high, approximately 300 MeV/c at 0◦ for
1500 MeV incident photons, so the resulting reaction is
expected to predominantly excite spin-flip transitions to
spin-stretched states [13]. Spin-flip states are not strongly
excited in hadronic production, and the (e, e′K+) reaction
acts on a proton rather than a neutron, creating proton-
hole, "-particle states, charge symmetric to those previously
studied with meson beams. Precision experiments, comparing
mirror hypernuclei, are needed in fact, to extract the charge
asymmetry in the "N potential.

An initial experiment [14], in Hall C at Thomas Jefferson
National Acceleration Facility (JLab) has been previously
reported, and this paper discusses the experiment in more
detail, presenting an improved "B spectrum as well as a
previously unpublished spectrum of the 7Li(e, e′K+)7

"He
reaction.

II. EXPERIMENTAL DETAILS

In electroproduction, the " and K+ particles are created
associatively via an interaction between a virtual photon and
a proton in the nucleus, p(γ ,K+)". The hypernucleus, "A,
is formed by coupling the " to the residual nuclear core,
(Z-1), as shown in Fig. 1(b). In electroproduction, the energy
and three-momentum of the virtual photon are defined by ω =
Ee −E

′

e and q⃗ = p⃗e − p⃗
′

e, respectively. The square of the four-
momentum transfer of the electron is then given by −Q2 =
t = ω2 − q2 .

As will be shown below, the number of (virtual) photons
falls rapidly as the scattered electron angle increases (increas-
ing t), and thus the distribution of (virtual) photons also peaks
in the forward direction. In addition, the nuclear transition
matrix element causes the cross section for hypernuclear
production to fall rapidly with the angle between the reaction
kaon and the (virtual) photon. Thus experiments must be
done within a small angular range around the direction of
the incident electron. To accomplish this, the experimental
geometry requires two spectrometer arms, one to detect the

044607-2

same"as"(e,e'p)
Y"dynamics"
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dependence was found signaling that higher-order contributions in the chiral expansion, and specificaly 
three-body forces, have to play a non-negligible role in determining quantitatively the structure of heavy 
hypernuclei. CEFT establishes a prescription to extend the interaction model to include many-body forces. 
Performed next-to-leading order (NLO) calculations already included some components of the 3-body 
force (the ones that can be reduced to 2-body terms), but next-to-next-to-leading order (NNLO) 
calculations are necessary for the inclusion of a genuine 3-body interaction, and more experimental inputs 
are required to constraint the low-energy constants. 
Recently, the auxiliary field diffusion Monte Carlo (AFDMC) technique for strange systems has made 
substantial progresses. By using this microscopic ab-initio approach, an accurate analysis of the Λ 
separation energy of light- and medium-heavy hypernuclei has been carried out [LON14, PED15] using a 
phenomenological interaction [BOD84, USM95, IMR14] in which the two-body potential has been fitted 
on the existing Λp scattering data. As shown in Fig. 2-4(a), when only the two-body ΛN force is considered 
(red curve), the calculated hyperon separation energies tend to disagree with the experimental data (green 
curve) as the density increases. The inclusion of the three-body ΛNN force in this scheme leads to a 
satisfactory description of the hyperon separation energies in a wide mass range and for the Λ occupying 
different single particle state orbitals (s, p and d wave), as shown in Figs. 2-5(b) 

  

 
However, these potential models predicting relatively small differences in the Λ separation energies 

of hypernuclei give dramatically different results as for the properties of the infinite medium [LON15]. The 
resulting EOS spans the whole regime extending from the appearance of a substantial fraction of hyperons 
at ~2C7 ≃	0.32 fm-3 to the absence of Λ particles in the entire density range of the star, as shown in Fig. 2-
5(a). This has a sizable effect on the predicted NS structure, Fig. 2-6(b).  

(a) Experimental BΛ values in s wave and AFDMC calculation 
results with 2-body ΛN interaction alone, and two different 
parametrizations of the 3-body YN interaction (updated from 
[LON14]). 

(b) Experimental results for Λ in s, p, d, f and g waves. Red 
open circles are the AFDMC results obtained including the 
most recent 2-body plus 3-body hyperon-nucleon 
phenomenological interaction model (updated from [PED15]). 

Figure 2-5: Λ separation energies as a function of A-2/3. Predicted results for 40
ΛK and 48

ΛK are also included. 
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Fig. 2-6 EOS and neutron star mass-radius relaytions calculated by AFMDC [LON15] 

 
Other techniques such as G-matrix or AMD calculations employing multi-baryon interactions, for instance 
the the ESC08c+MPa potential, are able to reprocude BΛ  of a wide range of hypernuclei with accuracy of 
<1 MeV and similar result for EOS of neutron stars which can support 2 solar mass was obtained [YAM14, 
ISA16].  We note that very recently the effect of chiral hyperonic three-body forces on neutron stars and 
hypernuclei has been analyzed within the Brueckner theory [LOG19].  The results of this work show that 
the inclusion of a moderately repulsive NNΛ force leads to an EOS stiff enough such that the resulting 
neutron star maximum mass is compatible with the largest currently observed values being the hyperon 
fraction in the interior of the star non-negligible. This work shows also that the agreement between the 
calculated L separation energies of heavy hypernuclei such as 90

ΛZr and 209
ΛPb and the experimental data 

improves when the effect of the NNΛ force is taken into account. Being its repulsive contribution of this 
force of about 10 MeV. 
Although these calculations are based on different theoretical techniques and different baryonic potential 
models, they all predict a similar tendency of repulsive three-body forces at high density, suggesting a 
possibility to make the EOS of hyper-nuclear matter hard enough to support 2 solar mass neutron stars. 
 However, while 2-body baryonic force models based on different theoretical frameworks are 
reasonably accurate, detailed information on the hyperonoic three-body forces is still missing. In particular 
very little is known on the isospin dependence of such multi-baryon forces, which plays a crucial role in 
the determination of the structure of neutron stars.   
 This lack of knowledge is to be attributed to a poor experimental information for medium-heavy 
neutron-rich hypernuclei, which are the key to infer properties of the infinite hyper-nuclear matter.  
 Therefore, in order to properly assess the role of hyperons in NSs and reconcile theoretical 
predictions with astrophysical observations, i.e. solve the hyperon puzzle, precise experimental 
investigation on medium-heavy neutron-rich targets is of paramount importance and only JLab can provide 
such an accurate experimental data.  
 
2.3 Spectroscopy of 208Pb hypernucleus 
 The study of the medium – heavy mass hypernuclei is particulary interesting. However, present 
experimental information in this mass region relies uniquely on the data measured by the (π+,K+) reaction. 
 The resolution as well as absolute energy scale calibration of the (π+, K+) data are no satisfactory. 
Data in the A = 40 mass region will be collected by the approved E12-15-008  experiment. 
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 The clean extraction of Λ single-particle from (π+,K+)  or (e,e'K+) reactions require a filled shell of 
high-j neutrons or protons, respectively, near the Fermi surface. This is because the cross section is 
proportional to the number of nucleons in the shell. The high momentum (angular momentum) transfer 
permits the population of all bound Λ orbits with a wide range of orbital angular momentum values.     
 Closed shells for the other kind of nucleon makes for maximal symplicity of the level structure and 
the observed spectrum.  Thus, the obvious choice for the heaviest target is the doubly-magic 208Pb nucleus. 
 Moreover data from (π,K) as well as from several (e,e’p) experiments exists [HASHI, Quint, Baten, 
Bobel]. In addition, it should be noted that the Λ-N particle-hole matrix elements are very small for heavy 
nuclei and that the level shifts and redistribution of strength due to configuration mixing will not lead to 
observable effects, even with the good resolution possible for the (e,e'K) reaction. 
New microscopic calculation are available [LON14,LON15, BENA1]. These calculations show that the 
inclusion of explicit ΛNN terms provides the necessary repulsion to realistically describe the separation  
energy of a Λ in hypernucley of intermediate and high masses [LON14,LON15]. They showed that failing 
to simultaneously reproduce all the experimental separation energies, thus suggesting that three-body 
interactions involving  nucleons and hyperons may  have sizable effects  
 Combining the results of the AFDMC studies and the existing models of the 208Pb spectral function, 
the formalism successfully employed to describe the (e,e’p) cross section can be readily generalized to the 
case of Λ electroproduction[BEN90]. 

 208Pb was studied using the (π+, K+) reaction and the shell structures were barely visible [HASHI].  
The main reason was poor resolution (> 2MeV FWHM). This resolution is larger than the 1.8 MeV spacing 
between the 0i13/2 and 0h9/2 neutron hole states that produce two series of strongly populated states with 
the Λ in different orbits. In addition, the spacing between Λ  single-particle states is only 4 to 6 MeV. As a 
result, the existing data do not resolve the two series of states, introducing uncertainties into the theoretical 
analyses.  

The experiment we propose can have good statistics and sufficient resolution to separate at least the 
major shell states from those configuration mixing states as seen in the Hall C 28

ΛAl spectrum [NAKA, 
HASHI2010, TANG115]. 

The study of 208Pb with the (e, e'K+) reaction will give better resolution and thus a more detailed 
understanding of baryon behavior deep inside of the nucleus.   

The more accurate information on the binding energies and spacing of the Λ  single-particle states in 
heavy nuclei will provide an anchor point for the systematics of Λ  single-particle states across the periodic 
table. 

Moreover, 208Pb is the ideal target to study hyperons in a medium closely resembling neutron star 
matter. This environment is best suited  to the investigate the effects of three body forces involving 
hyperons[LON14,LON15, SHARMA, BOBEL] which increase the stiffness of the nuclear matter equation 
of state, thus allowing for the existence of massive neutron stars compatible with the observational  
constraints. 

As pointed out in the  introduction, hyperon production in the neutron star interior is believed to 
become energetically favored at around 2-3 times nuclear saturation density, and its occurrence may  also 
signal the presence of a non-hadronic phase, i.e. of deconfined quark matter, in the inner core of the star.  

In conclusion, even if the typical baryon density inside a neutron star is much higher than in a 
hypernucleus a precise knowledge of the 208Pb level structure can, by constraining the hyperon-nucleon 
potential,  contribute to  more reliable predictions regarding the internal structure of neutrons stars, and in 
particular their  maximum mass. 
 
2.3.1 Proposed measurement 
 The aim of the experiment is measuring the 208Pb(e,e’k) 208Tl reaction. Fig 2.7 a shows the missing 
mass spectrum obtained by the 208Pb (π,Κ)208

ΛPb experiment [Hasega]. It shows a characteristic bump 
structure starting from the binding energies BΛ around 25 MeV. As explained in the previous section,  two 
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series of states with the Λ hyperon coupled to the high-j neutron hole states  near the Fermi surface are 
expected to be strongly  populated but cannot be completely resolved. The binding energies of Λ hyperons 
were derived assuming they correspond to the peak centroids of the bumps. Although the binding energies 
may depend on detail of the bump  structures, the centroid values can be reasonably well deduced form the 
fitting [Hasega]. Binding energy have been  measured with the same reaction in several other nuclei, light 
and medium mass [HASHI] to study its mass dependence also to get information about the 
distinguishability of the Λ hyperon in the nucleus [DOVER].  
 The observed spectra  were found to be significantly smoother than theoretical calculations [HASHI, 
Hasega].	“Therefore is of vital importance to perform precision spectroscopy of heavy Λ hypenuclei with 
mass resolution comparable to or better than the energy differences of core excited states, in order to 
further investigate the structure of the Λ hyperon deeply bound states in heavier nuclei. (e,e’K) 
spectroscopy is a promising approach to this problem”[HASHI]. 
 Spectroscopic data exist for few Λ hypernuclei also for (e,e’K) spectroscopy and few others would 
be available with the presently proposed experiment on 40

ΛΚ and 48
ΛΚ.. Consequently is extremely important 

to perform (e,e’K) experiment also on 208Pb. The much better energy resolution of the (e,e’K), a factor of ~ 
3  with respect to (π,Κ), will allow much more precise Λ single-particle energies to be determined.  
 It will be possible to “see” deep shells, in practice not visible with (π+,K+) reaction (“the observed 
small peaks are assumed to be the sΛ states” [Hasega]) 
 This will make possible to determine with much better precision the binding energy (also for the 
possibility of calibration with hydrogen), and to test different theoretical models: relativistic mean field 
calculations,  calculations using  three-body ΛNN forces and Λ effective mass in the Skyrme Hartree Fock 
approach  [YAMA, YAMA1], the new microscopic MonteCarlo calculations [LON14,LON15]) and other 
many body calculations [BENA1] 
 This will allow us to extend the A range in the study of the mass dependence of the Λ binding 
energy.  
 Measurements of the Λ binding energy have been already performed with the (e,e'K) reaction in 
Hall A and Hall C reaction on several nuclei including the nominally doubly-closed shell nucleus 16O. 
Moreover, as previously mentioned, an experiment on 40

ΛΚ and 48
ΛΚ has already  approved by the Jlab PAC 

 

 

                               a                                                                                              b      
                                                   
Fig. 2.7. a. Missing mass spectrum of 40

ΛΚ and 48
ΛΚ measured in the E140 experiment. b  207

ΛTl  core nucleus  
level scheme 
 
 Fig. 2.8 shows the 208Tl core nucleus level scheme and the spectroscopic factors measured in 
208Pb(d,3He)207Tl reaction that are large enough to allow to see that many low-lying states of 207Tl core 
nucleus (up to excitation energy approx. 4 MeV) and that the corresponding hypernuclear states with Λ 
coupled to these core states are populated. 
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 Fig. 2.7 shows Spectrum for 208Pb(γ,K+)208
Λ Tl calculated for our kinematics using the Saclay Lyon 

[SLA] elementary amplitudes. The Λ is assumed to be weakly coupled to the proton-hole states of 207Tl 
strongly populated in (e,e'p) or (d,3He) reactions on 208Pb. The Λ single-particle energies were calculated 
from a Woods-Saxon well fitted to energies derived from the 23<

678 (N+, 9+) 23<
678  reaction.  

States based on the  closely-spaced  2s1/2-1 and p 1d3/2-1 states cannot be resolved (blue bars and curves).  
 Likewise for the p 0h11/2-1 and p 1d5/2-1 states cannot be resolved (blue bars and curves). Likewise 
for the p 0h11/2-1 and p 1d5/2-1 states (red bars and curves). The successive red and blue peaks correspond 
to the population of the 0s, 0p, 0d, 0f, 0g, and 0h Lambda orbits.  
 The green lines correspond to the noded 1s, 1p, 1d/2s, and 1f Λ orbits. The remaining (wiggley) 
curves correspond to strength based on deeper and fragmented proton-hole strength 
 

	

	

Fig. 2.8      207Tl energy spectrum, dominant configurations  and spectroscopic factors  
 

Earlier, it was noted that in the standard shell-model framework configuration mixing effects should 
be small and not produce observable effects in the spectrum obtained with a Pb target. The 
Motoba/Millener calculation shown in Fig.2.7 b assumed weak-coupling of the Λ hyperon to the hole states 
of the core (i.e. no residual Λ−Ν interaction). This assumption can be checked by doing a simple particle-
hole calculation with the Λ−Ν interaction that has been successful in describing the precision gamma-ray 
data obtained for p-shell hypernuclei. Then, one can extract Λ single-particle energies from each of the 
observed peaks. Each peak does correspond to several levels based on two closely-spaced proton-hole 
states. The fact that one should get essentially the same energies from the peaks based on the two sets of 
pairs of hole states, separated by 1 MeV, provides a check on the assumptions made.   

It is also important to point out that, in the case of Pb target, a model independent determination of 
the spectrum can be obtained exploiting the availability of high resolution (e,e’p) data, providing the 
cbaseline for the interpretation of the measured missing energy spectra. 
 In the figures 2.9a, 2.9b, 2.9 c (with three possible energy resolutions, 600 kev, 800 kev, 1000 keV ) 
we summarize the theoretical estimate, by T. Motoba, of the DWIA cross sections calculated at p(γ)= 1.5 
GeV/c and θ(K)=0.5 deg, in which the Saclay-Lyon A amplitudes and the nuclear HO wave functions are 
employed (see also the summary table below). In drawing the spectra, however, the Λ single-particle 
energies from the Woods-Saxon potential  are used instead of HO ones so as to be more realistic:  E(Λ)=-
25.99MeV(0s), -21.90(0p), -17.02(0d), -15.38(1s), -11.50(0f),   -9.22(1p), -5.48(0g), -3.14(1d), -2.58(2s), 
+0.86(0h), +1.84(1f), +2.50(2p).  
    On the other hand, the proton single-hole energies are taken from the observed level energies of 207Tl:  
Ex=0.0 MeV (2s1/2^hole), 0.351MeV (1d3/2^), 1.348MeV (h11/2^), 1.682MeV (1d5/2^),  
4.18MeV(approx. centroid of 0g7/2^), and 6.57MeV (no observed value, but centroid assumed for 0g9/2 ). 
Note that the spreading widths of 2 MeV are assumed to take account of the fragmented proton 0g7/2 and 
0g9/2 orbits.  
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Figures 2.9(a,b,c) shows a series of doublet peaks indicated respectively by sΛ, pΛ, dΛ, fΛ, etc. As known from 
the energy differences between low-lying energy levels of 207Tl, the proton-hole states are classified into 
two nearly degenerate groups in view of the `critical' value ΔEx ≃ 0.35 MeV. The left member of each 
doublet is attributed to the structure [core(1/2+, 3/2+) x (nlj)Λ, while the right member to [core(11/2-, 5/2+) 
X (nlj)Λ]. In the present calculation the elementary amplitude from the Saclay-Lyon model A is eployed, but 
it should be noted that SLA leads to considerable overestimate at very forward angle θLab K ≲ 5 deg when 
compared with other theoretical models and/or experimental behaviors (p ≃ 1:3 GeV/c).  
The upper plots are without the quasi free continuoum, the botton ones are with the quasi free. 
 

 
 

 

 
 

 
Fig. 2.9a                                                              Fig 2.9b                                             Fig	2.9c 
 
The cross section estimates suffer for incertitude due to input from the elementary process that cannot be 
determined more precisely due to the lack of data at kinematics of this proposal [Bydzovsky2012]. The 
presented calculations were done with the SLA model which predicts a steep decrease of the elementary 
cross section at very small kaon angles contrary to other models that predict a plateau or even increasing 
angular dependence at 1.5 GeV. Therefore one may expect that realistic values of the hypernucleus cross 
sections are smaller than those presented here. 
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3.Experimental Setup   
 
3.1 Experimental configuration  

The proposed experiment is to obtain high precision mass spectroscopy of the hypernucleus :;<
678  

produced by the 23(O,678 9+) :;<
678   reaction and will employ the same configuration of the experiment 

E12-15-008, already approved by JLab PAC, including a pair of room temperature Septum magnets, the 
high resolution HRS (Hall A) and the large solid-angle HKS spectrometers, as schematically illustrated in 
Fig. 3-1.  

 This pair of Separatiopn dipole magnets (PCS see later in the text)  will be used to separate the 
scattered electrons and electro-produced kaons at small forward angles to sufficiently large spectrometer 
angles, while allowing the post-beam to be directly transported to the dump. It also minimizes the chance 
for the high rate backgrounds (electrons and positrons) at near zero degrees to enter either of the two 
spectrometers. The collaboration has demonstrated the technique successful in avoiding the background 
from e′ and K+ accidental coincidences by maintaining sufficiently low singles rates at each of the two 
spectrometers under high luminosity conditions. 

 
 
Figure 3-1: Schematic illustration of the experimental layout. A pair of Septum magnets will be used to 
separate the scattered electrons (analyzed by HRS) and the reaction kaons (analyzed by HKS).  
 
 One of the Hall A HRS spectrometer will be used to detect and analyze the scattered electrons with 
a momentum resolution of ~10-4 (FWHM) that is crucial to the overall energy resolution for the experiment 
 The HKS spectrometer that was successfully used in the previous Hall C experiments will be used 
as the kaon spectrometer. It features both a momentum resolution of ~2x10−4.(FWHM) and a large solid 
angle acceptance that is three times larger than that of HRS. Its application is one of the important factors 
in achieving both high resolution and high yield in order to study spectroscopy of heavy hypernuclei. Its 
excellent detector system further cleanly identifies kaons.  
 One single target chamber will be used for all the planned targets including those to be used for 
calibrations. The entire system is vacuum connected.  
 Overall, this experimental design is for (1) the highest possible resolution (~800 keV FWHM in the 
case of Pb target, (2) the highest reachable yield, and (3) the lowest ever achievable background in electro-
production of hypernuclei. Both involved spectrometers are well known and used previously with standard 
detector systems. The only new pieces of equipments are the separation dipole magnets (PCS) and the 
target 
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3.2 Beam 
 We are requesting  a 25 µA beam at Ee = 4.5 GeV (two passes) with a bunch frequency of 500 
MHz (250 MHz repetition rate will result in worse accidental background rate though it is still acceptable). 
In order to achieve a sufficient precision in a resulting missing-mass spectrum, the beam energy spread and 
energy centroid are required to be Δp=p <= 5 * 10-5 (FWHM). A beam raster with an area of about (3 * 3 
mm2) need to be applied to avoid a damage on a target cell due to an overheat 
3.3  Kinematics   
 The proposed kinematics is based on the use of a beam energy of E = 4.5238 GeV, the minimum 
HRS angle available when using a Septum for an e’ central momentum of ~3 GeV/c, and a maximized 
overlap of the virtual photon angular range to the HKS angular acceptance in order to obtain the highest 
possible production yield. The kinematics parameters and ranges are listed in the Table below. With this 
kinematics, both the spectrometers are located at sufficiently large angles with respect to the beam to avoid 
the forward scattered electrons and positrons 
 
Basic parameters for the present experiment 

 
 
A GEANT simulation taking into account the realistic and known conditions of both the HRS and HKS 
was performed 

 
 
Fig. 3.2 Mass correlation in two dimensional momentum acceptance 
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3.4  Magnetic spectrometer 
 We request to use the exactly same spectrometer setup as the E12-15-008 experiment in which the 
isospin dependence of the LN/LNN interactions will be investigated through the 40,48Ca(e,e’K+) 40,48K 
reaction [42]. Existing spectrometers, HRS-L and HKS, combined with  a new pair of charge separation 
dipole magnets (PCS) will be used for e′ and K+ detection.  
Construction and an excitation test of PCS has been completed in a Japanese company TOKIN in March 
2020. More detailed measurement of magnetic field of PCS was carried out in XXXX 2020, and PCS is 
now ready for transport to JLab. Central momenta of HRS and HKS are set to be respectively 3.0 and 1.2 
GeV/c, and the system covers a kinematical region of the reaction 208Pb(e,e’k) as shown in Fig. 3.2  
Fig. 3-2 is an illustration of the e’ and K+ momentum correlation for various mass of hyperons (Λ and Σ0) 
and ground state hypernuclei (12

ΛB and 208
ΛTl).  The broadening of Λ and Σ0 is from the range of recoil 

angles.  Free Λ and Σ0 productions are important for calibration of the absolute missing mass scale. In fact 
Λ and Σ0, will be used for an absolute energy calibration. They will be measured with the same 
spectrometer setting for physics run thanks to the large momentum coverage of HKS (Δp=pcentral > 10%). 
Measuring both Λ and Σ0 masses without a change of spectrometer setting minimizes a systematic error on 
BΛ. Another important feature of HKS is a short path length. The path length of PCS + HKS is about 12 m, 
and thus 26% of K+s survive at 1.2 GeV/c. This gains a yield of Lambda hypernuclei by a factor of more 
than three compared to the (PCS+) HRS spectrometer in which K+s travel more than 23.4 m to be detected. 
 
 
3.4 Spectrometer calibrations  
 Calibration of the spectrometer system is extremely important for the experiment to achieve its goal 
of high precision in determining the absolute mass (or Λ binding energy) and mass resolution.  
Standardized calibration methods and procedures successfully developed in the previous experiments will 
be applied again. A significant advantage of the new configuration is that these methods and procedures 
become more straight forward and can further improve the precision with much less analysis effort. This is 
because the two spectrometers are almost optically decoupled and there will be less information 
entanglement in the calibration data.  

Some of light solid targets will be used for calibration as well as for precise determination of BΛ. From 
experiences of previous hypernuclear programs at JLab, we learned that data for various solid targets with 
different energy loss contributions are quite useful to tune the backward matrix. We are considering using 
well studied CH2, 10,11B, 6,7Li, 12C targets for this purpose. 

A thin CH2 target will be used as part of overall calibration. Simultaneous production of Λ and Σ0 
particles from CH2 is important in calibrating the precise absolute mass scale. (see Tab VI) 

3.5 The 208Pb target 
 A major concern of the collaboration is the development of a Pb target that could operate at up to 25 
µA beam current without melting. The proposal requires a bare 208Pb target with 0.1 mm thickness in 
beam. Pb is a challenge to develop as a target for electron beams because its thermal conductivity 
coefficient is about an order of magnitude smaller than Cu’s at room temperature and its melting point, at 
601 K, is very low.  
 There are three mechanisms through which a target could dissipate the heat deposited by the beam 
in it: conduction, convection and thermal radiation. Convection is ruled out since the target has to be inside 
a vacuum chamber. For a Pb target thermal heating radiation would dissipate at most a few percent of the 
total heat deposited in it, leaving conduction as the only viable thermal dissipation mechanism with a heat 
sink or forced cooling. For a given Pb target geometry cryogenic cooling can accommodate twice the beam 
current compared with room temperature cooling (typically with water). Another factor of two in beam 
current could be accommodated by rotating a cryogenically cooled Pb target in beam compared with a 
static one 
 We considered the setup used at NIKHEF for the (e,e’p) experiment [Bobel, Marchand].  
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This choice would allow us to run safely  with 10 µA of beam current and 100 mg/cm2 of pure 208Pb target 
cooled by water flow (15 oC) up to 95 dm3/h during the data taking. In fact heat transfer calculation show 
that , for thick targets, conduction cooling becomes competitive as compared to increased radiation cooling 
by rotating or wobbling the target for thick targets. There are three mechanisms through which a target 
could dissipate the heat deposited by the beam in it: conduction, convection and thermal radiation. 
Convection is ruled out since the target has to be inside a vacuum chamber. 
  For a Pb target thermal heating radiation would dissipate at most a few percent of the total heat 
deposited in it, leaving conduction as the only viable thermal dissipation mechanism with a heat sink or 
forced cooling.  
 The computed temperature profile caused by a beam  spot of radius r0 on a circular target of radius 
r1 is shown in Fig. 3.3. 
The maximum current one can use without melting the target can be calculated by the formula  
 
																										<	imax> = 2πk (T melting – T0)/{[ln(r1/r0)  + ½] ρdE/dx} 

where  <i> is the beam current, k~ 35.3W.K-1.m-1, ρ∼11.35  g/cm-3 for lead, T melting is 601 K for lead. 
 

 
 
Fig.3.3. Temperature profile of a circular water cooled lead target of radius 20 mm. The dashed curve 
corresponds to 10 µA beam spot of 1 mm radius, the solid curve to a 10 µA beam spot  of 2 mm radius. 
And the dot-dashed curve to a 5 µA beam spot of 2 mm radius. 
 
We underline we will run with a 3 x3 mm2 rastered beam 
 What shown in the  Fig. 3.3 gives only a first order estimation of the expected heat dissipation 
performance. For this reason  we assume, conservatively, that we can run with 25 µA. 
In fact for a given Pb target geometry cryogenic cooling can accommodate at least  twice the beam current 
compared with room temperature cooling (typically with water). Another factor of two in beam current 
could be accommodated by rotating a cryogenically cooled Pb target in beam compared with a static one. 
But we are not going to rotate the target 
 The heating power deposited by a 25 µA electron beam  current into a 0.1 mm thick Pb target 
would be about 5 W. Previously at least two Pb targets have been successfully designed and operated in 
electron beams at comparable beam heating powers: a Pb target operated at NIKHEF in the 1990s and the 
Pb target for the PREX2 experiment in Hall A at Jefferson Lab that completed its run in the fall of 2019. 
The NIKHEF target [BOBELDIJK] was water cooled bare 208Pb target with a total thickness of 80 µm in 
beam that ran at an average beam current of 10 µA and 487 MeV energy. A report on this water-cooled 
target [MARCHAND] estimated a maximum beam current of 10 µA. 
 The PREX2 target had 10 separate 208Pb foils, each about 550 µm thick in beam, sandwiched 
between two diamond foils, each 250 µm thick, mounted into a Cu frame and cryogenically cooled to 14 K 
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with cold He gas from the ESR as can be seen in Fig. 3.4, right. The target motion system allowed the 
positioning of a single sandwich C-Pb-C on the beam line at a time. The electron beam energy was 950 
MeV. The PREX2 targets were run with beam currents of 70-85 µA and the beam rastered area on the 
target was 16-24 mm2. PREX2 accumulated about 116 C of charge from six of the ten Pb targets. On 
average the lifetime of a target sandwich C-Pb-C in beam was estimated to be 20 C. The PREX2 target was 
designed by CFDFAC for beam currents up to 100 µA with a minimum beam raster area of 16 mm2. The 
artificial diamond foils used in PREX2 had a thermal conductivity coefficient of at least 1000 W/m⋅K 
before beam operations. CFDFAC simulations showed that the lifetime of a sandwich C-Pb-C target heated 
by a 100 µA beam should be infinite if the diamond thermal conductivity is more than 300 W/m⋅K. If the 
diamond’s thermal conductivity decreases below 100 W/m⋅K then the Pb foil in the sandwich can melt and 
the target is rendered out of commission. Radiation damage and direct beam exposure (thermal stresses) 
seem to be the main factors that contribute to an artificial diamond foil’s degradation. CFDFAC made a 
thorough thermal assessment in the design of the PREX2 target. Four cooling agents were considered: 
liquid helium (LHe at 4.5 K), cold helium gas (GHe at 15K), liquid nitrogen (LN2 at 77 K) and cold 
nitrogen gas (GN2 at 78 K). Either kind of nitrogen cooling was shown to reduce significantly the lifetime 
of a target’s sandwich in beam while the LHe cooling was shown to increase it by a small amount, so 
PREX2 chose GHe as coolant for its target.  
 A prototype Pb target for this experiment has been simulated at CFDFAC. The target consists of a 
bare 208Pb foil 100 µm thick, mounted into the PREX2 Cu frame. Beam currents of 20 µA and 25 µA and 
coolant LHe (at 4.5 K) and GHe (at 14 K) respectively were considered. The geometry of the target is 
shown in Fig. 3.4. A summary of the CDF results is shown in Fig 3.5 
 
  

 
 
Figure 3.4: Beam view of the target showing 2 targets on the left and the whole PREX2/CREX target 
ladder on the right. A 208Pb foil surface is 25 mm by 25 mm. The beam clear surface of a target foil is 12 
mm by 19 mm (the rest is in contact with the Cu frame). The Cu frame has the coolant Cu tube brazed on 
its perimeter (visible in the pictures). The PREX2 motion system can move the target ladder horizontally 
and the range of motion can accommodate up to 16 targets (for calibrations, beam alignment, optics etc.). 
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Figure 3.5: Summary of CFDFAC predictions for maximum temperature in a 0.1 mm thick bare 208Pb 
target mounted in the PREX2 target copper frame versus beam square raster area. There are two beam 
currents considered: 25 µA in red and 20 µA in blue. For each beam current there are two coolant 
temperatures considered: 15 K helium gas in solid squares and 4.5 K liquid helium in solid circles.   
 
 In Fig. 3.5 if the beam raster area is 9 mm2 CFDFAC predicts that the maximum temperature in the 
208Pb target would be 418 K at 25 µA with GHe coolant and 273 K at 20 µA with LHe coolant. The 
PREX2 target design could be the prototype target for the proposed experiment. The PREX2 target 
chamber and its motion mechanism would be available. The collaboration will study the feasibility of 
interfacing the PREX2 target chamber with the downstream beamline. The lessons learned from the CFD 
design and successful beam operation of the PREX2 target will be applied in the design of the 
HyperNuclear Pb target. More information on the CFDFAC target design can be found in the Target 
Appendix. 
 We will setup  a system that allows to monitor continuously the target thickness when is exposed to 
beam. At NIKHEF the temperature was monitored by a pyrometer setup. This instrument measured a 
temperature  of  394-414 Kduring the  experiment which was conveniently below the melting  temperature 
of lead (601 K).  
 For our experiment we plan to monitor the target thickness by performing elastic scattering 
measurement off  Pb-208. 

 During data taking, we will monitor continuously the thickness of the target by measuring electron 
scattering rate as a function of  two-dimensional positions by using raster information. This method was 
already used for the CH2 targets  in Hall-C hypernuclear programs and cracking or melting of the target 
were monitored to know right  time for target exchange. We will monitor the temperatire of the targe also 
with a pyrometer (see Appandix 1 for details. 

 

5. Particle identification  
 The identification of kaons detected in the hadron arm together with a huge background of protons 
and pions is one of the major challenge of the experiment. To reduce the background level in produced 
spectra, a very efficient PID system is necessary for unambiguous kaon identification. In the electron arm, 
the Gas Cherenkov counters [33] give pion rejection ratios up to 103. The dominant background (knock-on 
electrons) is reduced by a further 2 orders of magnitude by the lead glass shower counters, giving a total 
pion rejection ratio of 105. The lead-glass shower counters and the gas Cherenkov are calibrated against 
each other.The PID system in the hadron arm of HKS is composed of:  three planes of time-of-flight 
counters, two planes of water Cerenkov counters, and three planes of aerogel Cerenkov counters. 
Accidental e′K+-coincidence events would be a background in a resulting missing-mass spectrum.  
An upper limit for the accidental π+ and proton background events is provided by the yields of the last 
hypernuclear experiment at JLab Hall C (E05-115). In this experiment with a 0.2-g/cm2 7Li target and a 
beam current of 32 µA, the counting rates in the spectrometer HKS were: K+ : π+ : p = 300 : 25000 : 34000 
Hz. The expected rates of  π+_s and protons in the spectrometer PCS + HKS during the experiment 
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proposed here will be smaller than these figures, because of the smaller number of nuclei present in the 
lead target and the smaller beam current that compensate for the bigger number of protons present in Pb 
nuclei. The HKS has Cherenkov counters with radiation media of aerogel (n = 1.05) and water (n = 1.33) to 
reject π+_s and protons. The Cherenkov counters reduced the fractions of π+_s and protons down to 0.5% 
and 10%, respectively, at the trigger level. In off-line analysis, π+_s and protons could be reduced to 4.7 × 
10−4 and 1.9 × 10−4 by using information on light yields in the Cherenkov counters and reconstructed 
particle-mass squared. The most important off-line analysis for K+ identification (KID) is a time-of-flight 
(TOF) analysis. The TOF from the target to the timing 23 counter was 10 m in HKS, and the TOF 
resolution was σ = 0.26 ns. Thus, a time separation of K+_s from π+_s and protons at 1.2 GeV/c were more 
than 6σ and 20σ respectively when an event selection was applied to select the e ′K+ coincidence with a 
time gate of ±1 ns. The KID performance of HKS in the present experiment without any an additional 
detector will be the same as achieved in E05-115 since the central momentum is the same. Therefore, 
accidental coincidence events in the missing mass spectrum originated mainly from e ′K+ coincidences 
generated by quasi-free Λ and Σ0 production. The K+ rate in the present experiment RK is estimated 
assuming that the production-cross section of quasi-free Λ is proportional to A0.8:  

PQ = 	PQ
RST×

7.V

7.6
	×	

6W

X6
	×	

YZ[\

Y]^_
Z[\ ×

678`.a

b`.a
×

b

678
            (7)  

where 32, 0.2, and 7 are the beam current, target thickness and target atomic number in the experiment 
E05-115 respectively, 25, 0.1, and 208 are the corresponding numbers for the experiment proposed here, 
ΓRST
def = 5.67×10hW and Γdef = 1.7×10hW are the integrated virtual photon flux in the experiment E05-115  

and in the experiment proposed here respectively, and PQ
RST = 300 Hz is the K+ rate in the experiment E05-

115. Similarly, e ′ rates PS)	in HRS were estimated from that in the E05-115 experiment: PS)
RST = 2.2×10k 

Hz, assuming a major contribution comes from Bremsstrahlung process. For the estimation, a rate-
reduction effect due to the smaller acceptance of HRS compared to that of the e ′ spectrometer in E05-115 
(HES) was also taking into account. The resulting expected singles rates of scattered electrons and K+_s in 
HRS and HKS are PS) = 5200 Hz and PQ = 18 Hz respectively. The accidental K+  cross section, ℎmnn

RST, in 
the missing mass spectrum of op(4, 4)Q

q
) r4s
bb 	 reaction of the experiment E05-115 was about 6.5 

[(nb/sr)/0.375 MeV]. For the present experiment, the accidental coincidence background cross section	ℎmnn 
is estimated as ℎmnn = ℎmnn

RST×
t^u

t^u
]^_ ×

tv

tv
]^_	 = 0.0025 [(nb/sr)/MeV] and the expected accidental K+ rate is < 

0.1 events/MeV/day.   
The Hall A RICH detector might be added to improve the kaon identification.  We would have a 

pion-kaon power rejection ~ 1012  (see Appendix 2 for details)  

 
5.1 Expected missing mass resolution 

The following factors contribute to the total mass resolution of the (e,e’K+): 

1. Spectrometers’ momentum and angle resolution. 
2. Beam energy resolution, assumed to be dE/E	 < 	5×10hW� for a 4.5 GeV electron beam.   
3. Kinematic broadening due to uncertainty of the K+ and e’ scattering angles originated from multiple 

scattering through the materials between the target and tracking chambers in addition to the angular 
resolution of the spectrometer itself.  

4. Energy loss and straggling in the target. 
Since our vertex resolution is not enough to determine the reaction point in the solid target (typically the 
thickness is less than a half mm while the gaseous target thickness is 200 mm), so energy loss of charged 
particles can becorrected only as an average. Its distribution including straggling will contribute the final 
mass resolution. For kaons, both the energy loss distribution due to the reaction point distribution and 
straggling will contribute while the sum of energy losses in the target for the beam and scattered electron is 
roughly constant and thus only straggling is problem. 
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The missing mass resolution was estimated by Monte Carlo (MC) GEANT4 simulations. In these 
simulations scattered electrons and produced kaons were generated at the target position with momenta and 
scattering angles randomly chosen in the spectrometer acceptances around the kinematics values of the 
reaction 23(4, 4′9+) :;s

678678 . Scattered electrons and produced kaons were then tracked inside the 
spectrometer PCS + HRS and PCS + HKS respectively up to the detectors placed at focal the planes of the 
spectrometers. Taking into account realistic position and angular resolutions of the particle detectors, the 
information of particle positions and angles at the focal planes were converted into momentum vectors at 
the production point by using backward transfer matrices. In these simulations magnetic field maps 
generated by the finite element calculation software, Opera3D (TOSCA), were used.  The estimated 
momentum and angle resolutions of the spectrometers PCS + HKS and PCS + HRS are summarized in 
Table V. As a result, the missing mass resolution was conservatively estimated of the order of 0.8 MeV 
FWHM.  

The missing mass resolution was estimated by Monte Carlo (MC) GEANT4 simulations. In these 
simulations scattered electrons and produced kaons were generated at the target position with momenta and 
scattering angles randomly chosen in the spectrometer acceptances around the kinematics values of the 
reaction 23(4, 4′9+) :;s

678678 . Scattered electrons and produced kaons were then tracked inside the 
spectrometer PCS + HRS and PCS + HKS respectively up to the detectors placed at focal the planes of the 
spectrometers. Taking into account realistic position and angular resolutions of the particle detectors, the 
information of particle positions and angles at the focal planes were converted into momentum vectors at 
the production point by using backward transfer matrices. In these simulations magnetic field maps 
generated by the finite element calculation software, Opera3D (TOSCA), were used.  The estimated 
momentum and angle resolutions of the spectrometers PCS + HKS and PCS + HRS are summarized in 
Table V. As a result, the missing mass resolution was conservatively estimated of the order of  0.85 MeV 
FWHM.  
Table V Expected spectrometer resolutions and their contribution to missing mass resolution.  

     Momentum/Energy  
         Resolution 

             (%) 

     Angle resolution 
             (mrad) 

Contribution to the 
missing mass resolution 

          (keV) 

PCS + HKS            4.2 x10-4           0.6        500 

PCS + HRS            2x10-4           1.5          600 

Beam            5x10-5               -          250 

Missing Mass 
Resolution 

           850 

 
5.2 Expected yield and required beam time 

The 208Pb experiment, if approved would run together with the approved E12-15-008,  so, for sake of 
completeness, we report here the beam time needed for calibration runs (solid targets thicknesses are 
normalized to be 100 mg/cm2) requested for that experiment experiment. The beam time has been 
estimated to have enough events for major shell peak energies to be statistically determined with an 
accuracy of 50 keV. We are adding up here the bem time needed for the calibration run for the 208Pb target 
We are asking for 20 days for 208Pb experiment. The Signal to Noise Ratio (SNR) is very high even for the 
s shell peak 
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Yields estimation and beam time requirement. 

Target and objective 
hypernucleus 
 

Beam 

current 
(µA) 

Target 

thickness 
(mg/cm2) 

Assumed 

cross 
section 
(nb/sr) 

Expected 

Yield 
(/hour) 

Num. of 

events  

Req. 

beamtime 
(hours) 

B.G. 

Rate 
(/MeV/h) 

S/N 

(±4 σ) 

Comments 

CH2 2 500 200 19 1000 54 0.05 252 Calibration 

6,7Li 50 100 10 5.4 150 28 1.3 4.9 Calibration 
9Be 100 100 10 36 300 9 4.7 8.8 Calibration 
10,11B 25 100 10 16 150 19 0.29 33 Calibration 
12C 100 100 100  54 2000 37 4.4 17 Calibration 

Subtotal for calibration       147    
208Pb 25 100 80(g.s.)  

 
0.3 145 480 0.1 15 Production 

 
The counting rate and consequentely the beam time requested evaluation is based on the x-sections re-
evaluated by T. Motoba for the new kinematics. The x-sections are much higher than the ones of the 
previous kinematics (by a factor of 8-10).  

 
5. Summary and conclusion 

Based on more than a decade of experience at JLab, Hall A and Hall C, the JLab Hypernuclear 
Collaboration proposes the 23(4, 4′678 9+) :;<

678   experiment complementary to the }~(4, 4′�7 9+) 9<
�7   and 

}~(4, 4′�7 9+) 9<
�7  for studying the hyperon puzzle.  

We	 showed	 that	 for	 astrophysical	 implications,	 particularly	 for	 the	 neutron	 star	 puzzle	 critical	
additional	 information	can	be	obtained	by	expanding	 	the	kaon	electroproduction	program	to	 include	a	
study	of	the	208Pb(e,e’K+)208ΛTl	reaction.		In	fact	thanks	to	the	extended	region	of	constant	density	and	the	
large	 neutron	 excess,	 208Pb	 provides	 the	 best	 available	 proxy	 of	 neutron	 star	 matter.	 The solution of 
neutron star puzzle requires a better understanding of the YN interaction in a wide range of systems, from 
light to medium and heavy hypernuclei, as well as the development of a consistent framework allowing for 
accurate theoretical calculation. To “solve” the hyperon puzzle you need strong repulsive forces 

The use of a 208Pb target will allow to investigate hypernuclear dynamics in a new environment, in 
which three-body interactions are expected to play an important role.	We underline that in the non strange 
sector the contribution of three-nucleon forces (needed	 to	 address	 the	 “hyperon	puzzle”), which is known 
to be large and repulsive in nuclear matter at equilibrium density, is believed to be much smaller and 
attractive in 40Ca [Lonardoni2017  

In addition, the availability of accurate 208Pb(e, e’p)207Tl data will allow to exract the Λ binding 
energies from the measured (e,e’K+) cross section using a largely model independent procedure. The 
results of this analysis will provide essential information, needed to constrain and improve the available 
models of the YN and YNN potentials. 

We have shown that the experiment will achieve very high Signal to Noise (SNR) for all the peaks to 
be detected, as well as very good missing mass resolution (~ 800 kev)  and precision (~ 70 keV) in 
identifying the postion of the peaks 

 The experiment will utilize well-established magnetic spectrometers HRS and HKS that were 
successfully used in the previous hypernuclear programs in Hall A and Hall C (see Apendix 3) 
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Appendix  1 
Target Appendix 
 
 The Computational Fluid Dynamics FACility (CFDFAC) has designed two prototype targets for the 
PREX2 experiment, a static one (as shown in Fig. 3.1) and a rotating one (as shown in Fig. A.3). In both 
designs the target is cryogenically cooled. The design beam parameters were: current up to 100 µA, 
minimum beam raster area on target 16 mm2, minimum intrinsic beam diameter 160 µm. The static target 
is a sandwich diamond-Pb-diamond (C-Pb-C), while the rotating target can be bare Pb. CFDFAC has 
performed both steady-state and time-dependent thermal simulations of beam heating for both prototypes 
to map out the available phase space for safe operations in beam current, intrinsic beam diameter, beam 
raster area, beam raster control frequencies, cooling capacity and target internal contacts quality (Pb-
diamond and diamond-copper frame or Pb-copper frame). While it would have been desirable to have a 
bare Pb target in beam, for PREX2 having diamond foils in beam along with Pb amounted to an extra 
background whose dilution factor and parity violation asymmetry could be measured with desired precision 
and corrected for. The PREX2 collaboration decided to run with the static target design, which worked as 
predicted.  
 

  
Figure A.1: Temperature profile in a prototype bare 208Pb target 0.1 mm thick with a surface 25 mm by 25 
mm hit by a 25 µA beam current rastered over a square area on the target with side 1 mm. The Pb foils is 
installed in the PREX2 target Cu frame and cooled with 4.5 K LHe. The plot on the left is a 1D projection 
of the 2D temperature profile on the right. For the left plot the Pb target is divided into two regions: a 
square of side 5 mm at its center (black) and the rest of the target (red). 
 
 The predicted temperature profile in the 208Pb target at 25 µA beam rastered over a square area of 
side 1 mm at the target, cooled by a flow of 4.5 K LHe is shown in Fig. A.1. This represents the one data 
point in the Fig. 3.2: the solid red circle at raster area 1 mm2. CFDFAC predicts that a 25 µA beam current 
rastered over such a small area would most probably melt the target, even with LHe cooling. 
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Figure A.2: Temperature profile in a prototype bare 208Pb target 0.1 mm thick with a surface 25 mm by 25 
mm hit by a 20 µA beam current rastered over a square area on the target with side 4 mm. The Pb foils is 
installed in the PREX2 target Cu frame and cooled with 295 K water. The plot on the left is a 1D 
projection of the 2D temperature profile on the right. For the left plot the Pb target is divided into two 
regions: a square of side 5 mm at its center (black) and the rest of the target (red). 
 
 The predicted temperature profile in the 208Pb target at 20 µA beam rastered over a square area of 
side 4 mm at the target, cooled by a flow of 295 K water is shown in Fig. A.2. This is comparable with the 
predictions and measurements made by C. Marchand et al. [MARCHAND] for their water cooled target at 
NIKHEF. CFDFAC predicts that a 20 µA beam current rastered over a 16 mm2 area and with water cooling 
would probably melt the target. 
 CFDFAC has done extensive CFD simulations to prototype a high beam current rotating Pb target 
for PREX2. One such model is shown in Figure A.3-left, where the Pb target is mounted on a cylindrical 
Cu holder, which can rotate about its axis and it is cooled to 15 K. Figure A.3-right shows the CFD 
temperature profile  calculation through the Pb and Cu from heating with a 70 µA electron beam rastered 
on a square of side 2 mm on the Pb target rotating at 0.5 Hz. The Cu holder is assumed sinked to 15 K. 

 
Figure A.3: Rotating target model. Left: The Pb wafer is the outer annulus, while the inner 4 cm diameter 
cylinder is the wafer holder made of Cu. Right: Temperature profile in cross section through the Pb target 
and its Cu holder rotating at 0.5 Hz produced by a 70 µA electron beam rastered on a square of side 2 mm 
on the Pb target.  
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Figure A.4: Summary plot of maximum temperature in the Pb target from Figure A.3 vs. electron beam 
raster area at two beam currents. The red point is for unrastered electron beam of intrinsic diameter 0.5 
mm at 50 µA beam current. The target rotates at 0.5 Hz. Pb melts at about 601 K as indicated by the red 
horizontal line in the plot. 
 
Figure A.4 is a summary plot of the maximum temperature in the Pb rotating target in Figure A.3-right vs. 
beam raster area for two different beam currents and one single data point for unrastered electron beam. 
Figure A.4 shows that rotation and cooling prevent this model of the target from melting even at 70 µA 
beam current with a square beam raster of side 2 mm.  
Scaling from Fig. A.4, the maximum temperature difference at 70 µA beam current at a beam raster area of 
2 x 2 mm2 to a beam current of 25 µA we estimate a maximum temperature in the Pb target at 25 µA beam 
current for the target rotating at 0.5 Hz of 170 K. CFDFAC has developed a prototype rotating target which 
has been operated with a graphite foil in air.   
 The CFDFAC operates a test stand that can thermally assess solid targets with high power laser 
heating. The test stand is currently installed in Lab 6 in FEL and consists of a vacuum chamber with a 
turbomolecular pump, linear motion mechanism to move targets inside the vacuum space, viewports for the 
laser light, vacuum ports with feedthoughs for instrumentation, high power laser with optics and data 
acquisition. Lasers with powers up to 30 W are currently available. The stand is instrumented with three 
remote temperature reading/monitoring pyrometers spanning a temperature range from 150°C to 2000°C. 
Direct contact temperature sensors can be instrumented as needed. This stand has been used to make a 
thorough thermal assessment of the tungsten foils that will be used as a primary target in the APEX 
experiment in Hall A at JLab. CFDFAC also operates a high performance computing (HPC) farm with 256 
CPUs at JLab that is being routinely used to perform thermal studies/simulations with ANSYS CFD 
software engines. The CFDFAC HPC farm has been instrumental in designing the new standard liquid 
hydrogen targets  in Halls A and C and in assessing the 3He polarized target, the tritium and argon targets, 
the APEX target and  the PREX2/CREX targets. The stand can test static targets in vacuum and air, 
rotating targets in air and in future could test rotating targets under vacuum. The test stand could be used to 
develop a Pb target for this experiment. The stand is shown in Figure A.5. 
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Figure A.5: CAD model of test stand to thermally assess solid targets under vacuum at JLab. 
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Appendix 2 
 

PID. The RICH option 
 

The Hall A RICH detector will be added to improve the kaon identification. The detector [27,28,29] 
was used successfully during the E-94-107 experiment providing a very good pion/kaon rejection at 2 
GeV/c better than 1:1000 (corresponding to a pion/kaon angle separation of ~ 6.0 sigma) [27,28,29].  

The layout of the RICH is conceptually identical to the ALICE HMPID design [34]. It uses a 
proximity focusing geometry, a CsI photocathode, and a 15 mm thick liquid Freon radiator. A detailed 
description of the layout and the performance of the detector is given in [23, 24, 25]. After the E-94-107 
experiment the detector was upgraded to match the needs of the Transversity approved experiment (E06-
011) to be able to identify kaons of 2.4 GeV/c. [30]. The upgrade extended the performance by means of a 
larger photon detector (a multiwire-multipad proportional chamber) and a longer proximity gap which 
improved the photon detection geometrical efficiency and the angular resolution, respectively. 

	

 
 
Fig. A1. Old and new upgrated RICH layout  
 

In Fig. A1 we show the old and new (upgrated) layout.	 The photon detection plane was doubled (3 
more pad panels added). This would have allowed the detectors to separate kaons, in the E-94-107 
kinematical conditions (at a kaon momentum ~ 2 GeV/c) with a higher rejection ratio, an additional ~ 1.5 
sigma (Fig.10,11) corresponding to a pion:kaon rejection better than 1:10000 at 2.0 GeV/c, with improved 
efficiency.  	

In our experiment the central momentum of the detected kaons will be 1.2 GeV/c. For this reason even 
better performances to separate kaons from pions will be obtained. Easy calculation [37] bring to ~ 7.8 
sigma the pion – kaon separation angle. Adding conservatively 1.5 sigma, we would obtain a separation ~ 
9.3 sigma. This would correspond, assuming a factor ~ 100 for pion-kaon particle population, to a ~ 106 
power rejection  

Convoluting the threshold Cherenkov and the RICH power rejection we would have a pion-kaon 
power rejection ~ 1012	
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Fig. A2 Upgraded RICH simulation events (left panel) and expected performance (right panel): pion-kaon separation (number of sigmas) at 

different hadron momenta. The simulation is tuned to the E-94-107 hypernuclear experimental data.	
	

	
Fig. A3.  Upgrated RICH simulated performance. Pion/Kaon angle distribution (equal hadrons populations) at 2 
GeV/c momentum, in the HRS acceptance. The Mcarlo is tuned on Hall A hypernuclear experimental data. 
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Appendix 3 
 

The experiment will utilize well-established magnetic spectrometers HRS and HKS that were successfully 
used in the previous hypernuclear programs in Hall A and Hall C. Here we report the main parameters for 
conducting the experiment  

Key Experimental Parameters: 
Beam energy: 12 GeV mode, 2-pass: 4.5238 GeV, Hall-A,  
Requested beam time in total: 480 hours (20 days) 
Beam current: 25 µA, 

   Major apparatus: HKS, HRS, and PCS 
Required resources: Major installations and new support structures: 

HKS and PCS need major installation of magnets and detector packages, 
HKS needs a new support for Hall A. 

(New support structure for the Septa and Shielding houses for detectors are necessary.) 
Major Equipment: 

Magnets: HRS in Hall A, HKS (KQ1, KQ2 and KD), new Septum magnets  
Power Supplies: HKS-D (252V, 1254A), HES-D (250V, 1100A) have own PS’s provided by 
Tohoku University, all other PS’s necessary are to be prepared by JLab. 
Targets: Solid targets (CH2, 6,7Li, 9Be, 10,11B, 12C, 40Ca, 48Ca, 208Pb). The 208Pb target has to have 
cryogenic cooling in a standard way (as PREX target) 
Detectors: Standard detectors for HRS and HKS-detector package (Drift Chambers, TOF walls, 
Aerogel Cherenkov, Water Cherenkov.) 
Electronics: Standard electronics, F1-TDCs, Amp-discriminator cards for drift chambers, FPGA 
based special trigger modules developed by Tohoku University (TUL-8040). 
Computer Hardware: Standard 

Possible Hazard 
Electrical Equip.: high voltages for PMT, Drift Chambers, large currents for magnets 
Flammable gas for drift chambers:  Argon Ethane 50/50, 0.15 l/min each for HRS and HKS. 

Targets:  Condition 1, 2 are for single spectrometer calibration with elastic scattering. Condition 3-7 are for 
calibration with coincidence measurement, 8-12 are for the physics run with gaseous cryogenic target  

Condition # Beam  
Energy 
(MeV) 

Beam 
Current 
(µA) 

Special Request Target 
Material 

Material Thickness 
(mg/cm2) 

Est. Beam on time 
(hours) 

1 1200 10  Ta 100 10 
2 3000 10  Ta 100 10 
Single 
Arm. Calib 

     20 

3 4523.8 2 2×2 mm2 raster CH2 500 54 
4 4523.8 50 2×2 mm2 raster 6,7Li 100 28 
5 4523.8 100 No raster 9Be 100 9 
6 4523.8 25 2×2 mm2 raster 10,11B 100 19 

7 4523.8 100 No raster 
12C 100 37 

Subtotal 
calibration 

     147 

Pb 4523.8 25 3x3mm2 raster 

  
208Pb  100 480  
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