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Since the pioneering experiment E89-009 studying hypernuclear spectroscopy usiegetié)(reaction
was completed, two additional experiments, E01-011 and E05-115, were performed at Jefferson Lab. These
later experiments used a modiPed experimental design, the Otilt method,0 to dramatically suppress the large
electromagnetic background, and allowed for a substantial increase in luminosity. Additionally, a new kaon
spectrometer, HKS (E01-011), a new electron spectrometer, HES, and a new splitting magnet (E05-115) were
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added to produce new data sets of precision, high-resolution hypernuclear spectroscopy. All three experiments
obtained a spectrum fdfB, which is the most characteristiz-shell hypernucleus and is commonly used for
calibration. Independent analyses of these different experiments demonstrate excellent consistency and provide
the clearest level structure to date of this hypernucleus as produced leyelke'() reaction. This paper presents

details of these experiments, and the extraction and analysis of the ob¥@&\smkctrum.

DOI: 10.1103/PhysRevC.90.034320 PACS number(s): 280.+ a 25.30.Rw, 21.60.Cs 24.50.+ g

I. INTRODUCTION using mesonic beams was limited to about or more than 1.5

Spectroscopic investigation of hypernuclei is a unique MeV (FWHM) due tq the fact that these beam; are produced
method which provides invaluable information on many-bodyby reactions of a primary beam on a production target and
thus are limited in intensity. To compensate for the low beam

baryonic systems by inserting a new degree of freedom ' . X
Ostrangeness,O into the nucleus. Since thg not Pauli- Intensity, thick targets500 mg cn’) were used broadening

blocked, it can occupy any single-particle state, providing afehe resolution by the uncertainty in energy loss. Weakly
distinguishable probe of the nuclear interiaB§]. Therefore, xcited states, particularly low-lying states, were difbcult to

new nuclear structures or unknown properties of the bar Oni(r:esolve and their binding energies inaccurately extracted. Yet
. ; . brop . > bary jh many cases the weakly produced states are quite important
interaction, which cannot be seen from the investigation o

ordinary nuclei with conventional probes. ma manifestthem—When comparing an experiment to theoretical calculations. For
y . onal probes, may mar - example, the recent high precisiontransition spectroscopy
selves in hypernuclei, providing indispensable information

on Ravor SU(3) for baryonic matter. In addition, a Studyexperlments at JapanOs National Laboratory for High Energy

of hypernuclear spectra provides the only practical wa tophySiCS (KEK) and at the BNL Alternating Gradient Syn-
yp ar spectra p only prac Y Cehrotron (AGS) reported a total of 22 precisely measured
study the N interaction, asN scattering experiments are

technically difbcult or impossible. level transitions for severgd-shell hypernuclei 12]. These

Aside from strangeness, another important feature is th%ESUItS enabled a detailed theoretical studyposhell
absence of isospirl (= 0) of the . As isospin conservation ypernuclei. New values of the integrals given in Ef) (

revents one-pion-exchange (OPE) in the interaction were extracted, as well as contributions from each term to the
'?he long ran epOPE com %nent is absent. and thusl\thé binding energies13]. However, gamma transition energies
. g rang P ' (%annot provide information on ground state binding energies.
interaction is more sensitive to short range components o

the strong interaction than the nucleon-nucleon interactio Electroproduction using the(eK *) reaction with intense
. g . -raclion, . ams at the Jefferson Lab accelerator provides a unique
Since decays weakly and has a relatively long lifetime

opportunity to study high precision hypernuclear spectroscopy.

Statos Commoniy descrbed by Gouping low-ying nuclear ol ETETOY Fesolution af 500 ke (FWHM) can be achieved
onty . ycoupiing ! yingn using a combination of (1) the small emittance of the electron
states to single-particle states with widths ranging from a

. : . . beam, (2) the excellent momentum resolution using precision
fe(;/;sti(z)leloo keV. This makes detailed spectroscopic StleIesspectrometers for the scattered electron and produced kaon,
P X . . (3) the precision measurement of the scattering angles, and (4)

A phenomenological approach f-shell hypernuclei

. . . . the thin target foils minimizing target straggling and radiative
introduces a two-body effective potential3] in the form corrections. On the other hand, the experimental design must

VN =Vo(r)+V (r)s s+ V (NIn *S accommodate high luminosity, potential backgrounds, and
precise calibration of the spectrometers.

TV OIn ser Vr(Se, (1) Electroproduction brings in additional new features to the
where S;,=3(  -r/r)( n-rir)S - n. Low-lying  overall investigation of hypernuclei. The,eK™*) reaction
levels of p-shell hypernuclei can be described with radial produces a from a proton in the nucleus, creating a proton
integrals overthe py wave function for each of the bve terms hole in the core to which the couples. This can produce either
in Eq. (1). A setof these integrals, denotedMs ,S ,Syand  mirror hypernuclei to those produced by the hadronic reactions
T, can be determined from selectpeshell -hypernuclear (K>, S)and( *,K™*), or states with different isospin. Thus,
spectroscopy and then used to bt te interactions. electroproduction produces neutron-rich hypernuclei that are

The other approach applieSamatrix derived from models suitable candidates to investigaté - N coupling and the
(Nijmegen B8] or Julich [10,11]) which describe the Baryon- effective NN three-body force. Furthermore, electropro-
Baryon interactions including the freld interactions. When duction involves large spin-Rip transition amplitudes from
using this more direct description, the properties Mf the initial nuclear to the Pnal hypernuclear states. Still, the
interaction models can be explored. However, high precisiomon-spin-Rip amplitude remains non-negligible. The transition
spectroscopy is required with either approach in order to obtaidensity for transitions between nodeless orbits leads to a
reliable information on the unique characteristics of tde  peak in the form factoraj®> = 2L/b 2 2LA SY3 Asfor
interaction. ( *,K™)reactions, the minimum momentum transfer is large

Traditionally the spectra of hypernuclei were obtained ( 350 MeVic). This is beyond the peak of the form factor
using beams of pions or kaons, either stopped in a target @and means that all cross sections will fall with increasing
in-Right. In reactions such ak €, °)or( *,K*),anucleon @? (reaction angle) and that high values bf are favored.
in a target was replaced by a. However, the resolution Thus, deeply bound hypernuclear states (i.e., the ground state
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and states with the in low L orbits) with both natural and made to improve energy resolution and yield, and the use of
unnatural parities may simultaneously appear, and provida higher incident energy beam increased the virtual photon
a rich and new spectroscopy complementary to that fronBux. Experiment E01-011 used a new, High Resolution Kaon
hadronic reactions. The high resolution allows extension ofSpectrometer having a short orbit and a large solid angle ac-
these studies ted-shell states that could not be conbrmed byceptance. An off scattering-plane geometry, the Otilt method,O
low-resolution experiments or spectroscopy. was applied to the electron spectrometer, the Enge split-pole
To compensate for the small electroproduction cross sespectrometer (Enge2)]. In E05-115, the previously used OCO
tions, high luminosity and forward spectrometer angles fortype splitting magnet (SPL) and Enge were replaced by a new
both the scattered electrons and the reaction kaons are requir€dHO type splitting magnet and a new high resolution electron
This creates a challenge to design an experiment with twepectrometer (HES) with a larger solid angle acceptance. The
large spectrometers essentially placed at zero degrees. Ovaame Otilt methodO which proved successful in E01-011 was
the last decade, two independent hypernuclear programs gdso applied to the HES. The goal of this series of upgrades
Jefferson Lab (JLab) Hall A14] and Hall C [L5] have been was to improve precision and yield, in order to widen the
developed and undertaken with encouraging resugsi9]. spectroscopic studies beyond fhahell.
The second and third phase Hall C experiments, E01-011
and EO05-115, resulted i%tWO lr;ew dag? sets, EI’Odli(OZing hlgh A. General technique: A Common splitter magnet
resolution in the spectra dfHe, *“B and“°Al and "He, “"Be, : -
128 and®?V. This paper presents a combined analysis of theooA charge-separation splitting magnet (SPL), common to

th spectrometers, is used by all the Hall C hypernuclear
12B spectroscopy from the the Hall C program. The analysis . , ’ o .
of 7He from the second phase experiment E01-011 has be experiments in order to separate positive reaction kaons from

evious| blished and papers describing the spectra f O%He electrons. The nuclear target under investigation is located
previously publist papers describing Spectra oM 1he front effective peld boundary (EFB) of the SPL which
other hypernuclei are forthcoming.

bends the oppositely charged particles 4ndK *) away from
the beam in opposite directions. This technique allows the

Il. DESIGN OF THE HIGH RESOLUTION KAON spectrometers to be placed at forward angles close to the target.
SPECTROMETER EXPERIMENTS AND As aresult, the reaction particles are measured at very forward
THEIR APPARATUS angles, with minimal path length for the short-lived kaons, and

with increased solid angle acceptance. All these are crucial

The JLab Hall C High Resolution Kaon Spectrometerc, < which increase the vi
. . yield. However, a common SPL
(HKS) experiments, E01-011 and E05-115 are two CONSeCUtVE, 5 ration also creates unavoidable challenges which are

hypernuclear spectroscopy experiments (see schematic illu§is.ssed in later sections.
tration in Fig.1) which follow the Prst pioneering experiment o primary electron beam passes through the SPL and
(HNSS E89-009). Upgrades and a new conbguration Wery jepected. At the high beam currents used in the two HKS

experiments, the beam must be redirected to a high power beam
y y dump in order to avoid serious radiation problems. In E01-011,
“ AACWé additional dipole magnets were installed downstream of the
f SPL to redirect the beam to the dump, while for E05-115 a pre-
‘p JL ” = chicaned beam technique was applied to provide an incident
D MWDC TOF beam angle which canceled the bending angle of the SPL.
KQ2 Although the pre-chicane method requires careful tuning of
<\ fka1 the primary beam, it is signibcantly easier than that of tuning
MWDC e \J the beam transportation after the SPL and provides cleaner
Hodoscope L\SPL beam transport to the dump.
Target o | 2
Beam B. Tilt method

The extremely high electron singles rate in the electron

HES HKS spectrometer from Bremsstrahlung and M¢ller scattering
detectorsHES presents another challenge at forward angles. These back-
ground electrons are bent by the common SPL toward the

electron spectrometer. This problem limited the luminosity

e’ K* in the brst experiment E89-009 (HNSS) t4AQUA on a
EQ2 KQ2 HKS 22 mg cn? thick C target, suppressing hypernuclear produc-
EQL KQ1 detectors tion while creating high accidental background.

SPL The tilt method was developed for the latter two (HKS)

Beam experiments. The electron spectrometer (Enge for E01-011

and HES for E05-115) was tilted up, pivoting about a point

FIG. 1. (Color online) Schematic illustration of the experimental approximately 43 cm upstream of the virtual target point,

setup, technique, and upgrades for the Hall C HKS hypernucleaby an angle of 7 off the plane as debned by the beam
spectroscopy experiments E01-011 (top) and E05-115 (bottom). and the HKS momentum dispersion plane. This is equivalent
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to a rotation plus a shift of the spectrometer. In such a The beam energy was controlled by a high frequency,
conbguration the scattered electrons at near zero degrees #ast-feedback energy lock developed at JLab. Furthermore,
blocked by the spectrometer yokes so that they lie outsida synchrotron light interferometer (SLI) was used in the Hall
the spectrometer acceptance. The rates for Bremsstrahlu@ybeam line to measure and monitor beam stability and its
and Mg ller scattering electrons decrease more rapidly witlvariation in energy. A more stringent constraint on beam
increases in scattering angle than does the virtual photoenergy Buctuations was needed for E05-115 because of the
Bux, especially when higher beam energies are used. The titigher beam energy. The chosen virtual photon energy of
angle corresponds to a lower cutoff in the electron scatteringe 1.5 GeV corresponds to approximately the maximum in
angle of 4.5, a choice based on an optimization betweenthe elementary photoproduction cross section. This photon
the yield and the accidental background which could besnergy also optimizes the conditions for the HKS design
accommodated by the experiments. Using this method, botith requirements for good kaon survival, large solid angle
E01-011 and E05-115were able toincrease the target thickneasceptance and high resolution, and ease in kaon particle
to 100 mgcn? and the beam current up to 40A while identibcation (PID). Note that at forward angles, the reaction
maintaining the electron singles rate at a level of approximatelyQ? is sufpciently small so that virtual photons are almost real,
3 MHz. This background was almost 100 times smaller tharand thus thed,eK*) cross section can be assumed to be
in the brst experiment, E89-009, improving the yield by moreapproximately equal to the,K *) differential cross section
than an order of magnitude. after integration over a virtual photon Rux factor.

C. Kinematics and spectrometers D. Detectors and particle identibcation

The basic parameters of the two experiments are listed in 1. Detector system for the electron spectrometer

Tablel. Although they used different beam energies, the virtual  The detector system for the electron arm (both Enge for
photon energy and its range were the same, so that the ka@®1-011 and HES for E05-115) has tracking wire chambers
spectrometer, HKS, did not need modiPcation. Inthe sequenae measure the focal plane parametersc(y,y ) and two

of upgrades, the substitution of the HKS for the original kaonsegmented scintillation detector planes separated by 0.5 me-
spectrometer provided high kaon momentum resolution, whilgers. The focal plane parameters, together with the point
the further substitution of a new SPL and HES resulted inarget position, are used to reconstruct the momentum and the
an additional increase of yields. Although this latter upgradescattering angle with optical reconstruction matrices obtained
introduced a yield reduction from the HKS side due to the newysing the characteristics of the spectrometer. The segmentation
SPL with a longer path, the larger solid angle acceptance frorand the plane separation of the two scintillation detectors are
HES and more importantly, the higher beam energy whichdesigned to efbciently handle a high single-particle rate and
increased the total integrated virtual photon 3ux increased thg reject background particles originating from outside the
yield by another factor of 4 for E05-115. spectrometer acceptance. These two planes were also used

to reconstruct the focal plane time reference which was then

TABLE I. The basic kinematic and spectrometer parameters usefllaced in coincidence with th€* in the HKS. Since the rate
for the JLab Hall C experiments E01-011 and E05-115.

of the scattered electrons is“lmes larger than the sum of
allthe other negatively charged particles, particle identibcation

ltems E01-011 E05-115 (PID) in the electron spectrometer is not required.

Beam energy 1.851 GeV 2.344 GeV

Beam energy precision 1054 8x 1055 2. Detector SyStem fOf the HKS

Electron spectrometer Enge HES The tilt method enabled a dramatic increase in the lumi-

CentralE 0.351 GeV 0.844 GeV nosity with respect to the brst experiment. The luminosity

E +25% +10.5% increase also signibcantly increased the HKS singles rate.

E precision B 10°4 2x 10° Therefore, the HKS upgrades also included the installation
e Minimum 45 4.5 of a sophisticated detector system. This new system included

e 5.6 msr 7.0 msr the following:

Average central E 1.5GeV 1.5GeV . . .

AverageQZ 0.01 (GeVc)? 0.01(GeVc )2 () Two sets of tracking wire chambers separated by

AverageW 1.90 GeV 192 GeV flc;garln;;enr: ;); rp;ﬁ\éltdgtispre0|5|on measurement of the

éiﬂ?;ﬁ;?;?gﬁ:% 1 ZH(;SV/C 1 2HGKeSwC (i) Three layers of segmented scintillation detectors (two

P K ;125% ;12 506 segmented in the momentum dispersion plane and

PreT:ision +‘2X'10g4 +‘2X'log4 one normal to the dispersion plane) separated by
« range - 1P13 - 1913 1.75 meters. These provided a time-of-Bight (TOF)
eK range 0D12 0D12 measurement as well as providing a focal plane

Average « 5.8 6.8 time reference when placed in coincidence with the

« 16 msr 8.5 msr detected electrons in the electron spectrometer.
K* survival rate 30% 27% (i) Three layers of segmented aerog@erenkov (AY)

detectors withn = 1.05 located between the second
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and third TOF planes which were used for ande*
rejection. ) )

(iv) Layers of segmented wat@erenkov (W) detectors
with n = 1.33 installed behind the last TOF plane for
proton rejection.

OBucking poils@ﬂ.] were used on each of the photomul-
tipliers in the@erenkov detectors. These coils made an active
cancellation of the axial magnetic fringe peld from the large
HKS dipole and successfully restored the efPciency of these
&erenkov detectors.

Mass squared [(GeV/c?)?

5

3. Kaon identibcation Coincidence time [ns]

Several layers oferenkov detectors, as described above, FIG. 3. (Color online) The two-dimensional correlation between
were arranged to provide a good background rejection powethe derived mass squared and the coincidence time without éhe A
These detectors, which were included in the trigger, maximizednd WE cuts. After the & and W& cuts, the three rows of pulse
the kaon detection rate while limiting the coincidence triggertrains were clearly separated.
rate such that the computer dead time was kept below 10%.

A I\./Ionte. Carlo S|mu|at|pn was used to design aSOIOh'St'c":m')?lnade at the trigger level. The real coincidental pions and
online trlgger scheme in an F.'eld Prpgrammgble Gate Arra3f)os,itrons are located ne&®3 ns while the real protons
(FPG+A) microprocessolP] which avoided accidental vetoes are at 6.5 ns in the plot. This can also be seen in the
of K* irom the_h_lgh singles rate in _the_ aerogéérenko_v Ewo—dimensional (2D) correlation between and coincidence
detectors and minimized background incident from outside o ime. After application of the & and W& cuts and the 2D gate
the spectrometer acceptance.

In the ofRi vsis. K leanl dqf onm?, kaons in real or accidental coincidence with detected

n the ofisine analysis, kaons were cleanly separated o yereq electrons were cleanly separated from background.
the background particle®7{, *, andp) by a combination B
of signals from the®@erenkov detectors and the particleOs
mass squarech®) derived from measured velocity/TOF and Y .
momentum. A|th0ugh the experimenta| conditions for the Due to the clean identibcation of kaons bythe HKS detector
two HKS experiments were not identical (due to the varioussystem, the background in the reconstructed mass spectrum
upgrades and technical changes), the basic technique af@mes only from accidental coincidences. The accidental
quality of the particle identibcation analyses were similarcoincidence levelis not negligible because the electron singles
[23ER7). Figures2 and3 demonstrate an example of the kaon rate is still high at the high luminosity which maximizes the
identibcation as applied in the analysis of the data collecte@roduction rate, and this background can only be removed
from the!2C target in the E05-115 experiment. Fig@rshows by subtraction. However, if the background shape is precisely
the coincidence time Spectrum for the events detected by tH@eaSUrEd, its contribution to the statistical error is small.
electron and kaon spectrometers. The full spectrometer path In order to precisely obtain the background shape and its
length correction was made in each spectrometer so that tHteight in the mass spectrum, a mixed event analysis was
time resolution was optimized, and the 2 ns time interval ofperformed. Electron and kaon events from different accidental
the CEBAF (Continuous Electron Beam Accelerator Facility)Peaks (seen in Fig& and3) were randomly picked to create
beam pulse separation can be clearly seen. The distributich Mass spectrum using accidental timing which substantially
without OCutO represents the minimum particle identibcatigRcreases its statistical accuracy. This spectrum was then scaled

and used to subtract the accidental background.

4. Accidental background and mixed events analysis

12000
§' o 2c target lll. KINEMATICS AND OPTICS CALIBRATION
o [ i I
%10000: L ASWEm? | The development of the spectrometer calibration required
‘c 8000 j |- the optimization of momentum and scattering angle recon-
3 r struction matrices. This was a complicated issue as the
O 6000~ kinematics coupled the scattering angle and momentum mea-
5 surementin each spectrometer. As the beam passed through the
40001~ . X . .
r common SPL it was impossible to use an elastically scattered,
20001~ monochromatic beam to separately obtain a momentum
B for each scattered particle. In addition, both the elastically
Ol:r) 0 5 0 5 10 15 scattered and primary beam electrons passed through the focal
Coincidence time [ns] plane of the spectrometers when at forward angles.

Although a sieve slit (SS) collimator is a device commonly
FIG. 2. (Color online) The coincidence time spectra with a se-used with magnetic spectrometers to extract the momentum
quence of the kaon identiPcation cuts. and angle transfer matrices of a spectrometer, it is difpcult to
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