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The (K;mpped 7% strangeness and charge changing reaction was investigated by produjaagmper-
nucleus from a carbon target. The branching ratio Korcapture to the ground anptshell states of this
hypernucleus was found to §8.28+0.08x 1072 and (0.35+0.09 X 1073, respectively, which after correction
for isospin was lower than a previously measured value foHﬁ(EK;topped 77)°C reaction, but still above the
theoretical predictions for the ground state. The experiment obtained a missing-mass resolution comparable to
in-flight reactions, however the higher background and lower selectivity oiKg;b%ped reaction limits its
usefulness in the study of new hypernuclear species.
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I. INTRODUCTION hypernuclear species can be created by using charge as well
; H 'Kt
A hypernucleus is a bound, many-body system in which®>_ strangeness changing reactions, such(eas K ) or
) (K™, 7°). These latter processes replace a proton in a nucleus
SU3)-flavor symmetry may be expected to play an impor- a A. We here report on the results of an experimental
tant role. Although nuclear systems containing more than ongy ' P _ 0 perin
study on the usefulness of thi€g;,,n.q 7) for the production

hyperon are predicted to be stalplg, only A and> hyper- . ) . .
nuclei have been conclusively observed, and only the spe@f Nypernuclei, charge symmetric to those previously studied

troscopy of singleA hypernuclei studied in detail. by in-flight, mesonic reactions. _
Most previous spectroscopic studies of hypernuclei have N general, comparison of the spectra of charge symmetric
used the mesonic reactiof@], (K-, =) and (=, K*) which  hypernuclei provides information needed to extract the

replace a neutron in a nuclear target bysaHowever, new charge asymmetry of the fundamenfahucleon interaction.
This has been studied to some extent in the ground states of

s andp-shell mirror hypernuclear pairs, but aside from bind-
*Corresponding author. Present address: Triangle Universitie€'9 erjergles_,_few comparative data are_avalle{Bﬂe How-
Nuclear Laboratory, Duke University, Durham, NC 27708. Email €V€T In addition to charge asymmetry in the fundamental
address: mohammad.ahmed@duke.edu A-N interaction, first-order Couloumb effects can lead to en-
'Present Address: Inst. of Physics and Applied Physics, Yonsefrdy differences between isospin symmetric hypernuclei, in
University, Seoul 120-749, Korea. part because the addition ofAato the nuclear core changes
*Present Address: LANSCE-3, MS H855, Los Alamos, NM its radius[4]. Therefore a careful study of the spectra of

87545. several charge symmetric pairs is needed to extract both the
Spresent Address: Department of Physics, University of lllinois atCouloumb and charge asymmetry effects for the excited as

Urbana-Champaign, Urbana, IL 61801. well as the hypernuclear ground states. Indeed, if the Cou-
'Present address: Montana State University, Dept. of Physicdpumb energy contributions are understood, it would be pos-

Bozeman, MT 59717. sible to extract a hypernuclear radius from these @&lta
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A. Production of hypernuclei p-shell states wer€0.98+0.12x 1073 and (2.3+0.3 X103,

Hypernuclei are produced by introducing strangeness int espectively. These formation probabilities were a factor of 3

a nucleus. The transfer of strangeness can occu(lpy 'arger than the values calculated by GHf] and Bandq18],
strangeness exchange, i.e., an up or a down quark in ¥'d @ factor of 8 larger than the Matsuyama-Yazgl]
nucleon is exchanged for a strange quark(2rassociated predictions. However, the_ relative strengths bet_ween the two
production, where a strange and an antistrange quark aR$2ks were found to be in better agreement with theory.
simultaneously produced with only the strange quark remain- 1€ availability of the Neutral Meson Spectrometer

ing in the nucleus. The experiment discussed here uses tt%‘MS) [20] which is a large acceptqnoé’ deteptor, and the
strangeness exchange process. intense kaon beams at the Alternating Gradient Synchrotron

In the reaction of interest, a low-momentum, negativeProvided an opportunity to study the charge as well as

kaon beam is brought to rest in a nuclear target. Stoppediiangeness changing reactidfC(Kppeq 7). Which pro-
kaons are used because essentially all stopgeihteract duces hypgrnucle| charge symmetric to most of those previ-
with the nuclear target, and the initial momentum can bePusly studied. , , , ,
assumed to be zero. In addition, the stopped beam also al- More recently a theoretical study of the in-medium modi-
lows thick targets to be used without degrading the energfication of theKN interaction points out that th&g,ppeq 7)
resolution, as the outgoing particles are photons frghde- ~ reaction can be used to better define Keoptical potential
cay. at threshold. New estimates of the branching ratios for
The reaction proceeds when a kaon is absorbed from afoppea 7) Were produced using "N t matrix constructed
atomic orbit into the nucleus. X-ray measurements of kaowithin a coupled-channel chiral modg21].
absorption ort?C [6], for example, indicate that55% of all
the kaons are captured frond ®rbits, while the remaining Il. THE EXPERIMENT
half are believed to be captured from low angular momen-
tum, 1,=0 or 1, and largen, states. During capture, & is
produced by the reaction ®N— A+ or by decay ofX’s The energy levels ofB, resulting from coupling & to a
produced in a similaK™ capture reactions. Kaon absorption S, or a P5, state of the'!B core nucleus, are observed by
at rest provides momentum transfer approximately equal taneasuring the total energy of the ejecteétafter K~ absorp-
the Fermi momentum of a bound, and for a C target, tion. As the #° decays into two photons[BR
angular momentum transfeds<4 are possiblg7]. =(98.798+0.03®6, BR stands for branching ratidits mo-
mentum must be inferred from its decay kinematics.
The total energy of ther, w can be written in the form

A. The observables

B. Hypernuclear spectroscopy

The acquisition of hypernuclear binding energies, well 2 1-x° 2
depths, and positions of the hypernuclear levels began in the M7= 5 ¢ (1 -cos),
1960s. Early work includet&™ absorption in emulsions and
bubble chambers where hyperfragments were identified by >
their mesonic decays. These efforts successfully established _ \/ 2M7o
the binding energies of a number_ of light hypernu¢&D). @= (1-cosp)(1-x)’
Most recent hypernuclear studies have taken advantage of
intense, separated kaon beams and missing-mass spectrom- E -E
eters to produce hypernuclei with in-flight reactions such as x= S —— (1)
(K, 7) [10,17 or more recently(#", K*) [12,13. From E, *Ey,

these studies, the excited as well as the ground state energi\ﬁ

are observed. Rere M o is the pion massy is the opening angle be-

However, the first hypernuclear counter experiments uset een the two photons in the® decay, ance,;, E,, are
' yp P e photon energies. For small relative asymmetry be-

the (Koppea 7) reaction because of the low intensity of the , - " o photon energies, it can be seen thai is

kaon beam lines then available. In the first such experimergensitive to the more accurately determined opening
[14] a kaon beam was brought to rest in a carbon target, angngle, and only sensitive in second order on the ratio of

following the_abso_r_ption of the ka(_)n,_léc hypfzrnucleus Was the relative energy difference between the photofis,
formed and identified by the emission of7a. Two broad —x?. In this experiment most of the data analysis and

peaks were observed in the pion spectrum, one wiya i 1ations were performed with lal< 0.2
=11+1 MeV and the other witiB,=0+1 MeV [15]. The P lal=0.2.

widths were dominated by the experimental resolution,
6+1 MeV/c, and the production rates of the two peaks, sub-
sequently identified a& p- ands-shell hypernuclear statesin ~ The experiment used the low-energy separated beam line
12C, were(2+1) X 10 and (3+1) X 107* per stopped kaon, (LESBII-C8) at the Alternating Gradient Synchrotr¢AGS)
respectively. at Brookhaven National Laboratory. A dispersed kaon beam
Inanother Kgoppeq €Xperiment, thel?C(Kg, ped 7T i (K* for calibration andK™ for the reaction of intereptith a
was observed at KEKL6], where it was found tﬁat the prob- nominal momentum of 690 Me¥/was brought to rest in a
abilities per stopped kaon for the formation ®ghell and  set of four natural graphite targets after it traversed a wedge-

B. Beam-line apparatus
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shaped, brass degrader of central thicknedgll mm. The trigger, and(2) a pion beam(7 beam trigger. K beam was
targets, each 12.7 mm thick, were components of an Activelefined by a coincidence between S1, S2, and a threshold
Target Chambel(ATC) system[22], which provided the (Cerenkov detector CB, vet®1-S2CB). The thresholder-
transverse as well as longitudinal coordinates of the stoppegnkov detector provides clean discrimination between pions
kaons. and kaons by cutting on pulse height. Thebeam trigger
was then S1-S2-CB. Due to decays and nuclear interactions
1. The beam line between the kaons and the degrader material, typically less
Kaons in the C8, LESB-II channel were produced in athan 40% of the kaons incident on the degrader were trans-

9-cm-long Pt target by the primary proton beam from theMittéd to the target. _ .
AGS. The C8 beam line is 1500 cm long with an angular 't Was essential to determine whether a kapion) tra-
acceptance of 10 msr and a 5% momentum acceptance. THES€d the degrader, and this was done by requiring a coin-

kaon beam from the production target is momentum selecte§dence between the K beatw beam and S3 which was
filtered by twoE X B separators for kaon to pion separation, mmediately downstream of the degradét/m beam-SB

and then collimated and focused onto the degrader. Just upNce them beam rate is much higher than that for K beam,
stream of the degrad€Fig. 1) the beam traversed two drift 't Was also necessary to prescale théeam trigger before
chambers ID1 and ID2, a scintillator S2, and a pion thresholdtS mtroduct!on into the trigger sum. 'I_'yplcal b_eam scaling
Cerenkov detector CB. The beam also passed through a tinyvas 1/40. Figures 2 and 3 show the time of flight between S1

ing scintillator S1 placed just downstream of the mass slit ofNd S2, and the energy loss spectrum in S3. _
the separator system. As the kaons emerge from the degrader, their maximum

kinetic energy is~60 MeV (Monte Carlo simulatioy and a
significant numbef~50%) decay in flight prior to reaching
the target,~50 cm downstream of S3. In order to tag the
The beam was tuned for a dispersed focus at the degradrons immediately prior to the target, another scintillator S4
with a nominal momentum of-690 MeVk. The relative  was used. The dimensions of S4 were similar to that of the
momentum spreadp/p was +5%. The wedge-shaped de- target chamber. However, S4 was entered into the data

?raldngW%S;C/US()?d to Cgmtp%niate l\f/lor :hec b(Tam_ di-Tpt(?rSiCmream as a tag rather than included as a requirement in the
~1.2 MeVik/cm) as predicted by a Monte Carlo simulation hardware trigger.
of the beam dynamics. It was constructed with a wedge angle %
of 4.2° with central thickness of 14.1 cm, and was designedg
to bring the momentum dispersed beam to rest in the stop-§ i
ping targets~100 cm downstream. 5 1200 |
The momentum tune maximized the number of kaonsg I
stopping in the carbon targets. This optimization was accom-£
plished by observing the residual beam in a stack of 12 scin-2
tillators placed immediately downstream of the target, as theé I
momentum was changed {discretg steps, betweer=640 800
and 708 MeV¢. Stopping kaons had large energy loss, so by i
observing the pulse height in each scintillator the stopping
position was inferred. At momenta over 700 MeVkaon 600
signals were seen in all 12 scintillators, but as the momentum
was decreased, the kaon signal in the downstream scintilla
tors disappeared. An optimized tune was reached when the
number of kaons in S4, the scintillator just upstream of the i
target, was maximized while the strength of the kaon signal 200 -
associated with large energy loss in the scintillator down-
stream of the target was minimized.

2. The beam tune

1000 -

Kaons

1 l Ty Loppet™ i,

0100”‘50””0””50 II100””150””200 250 300
3. Particle identification and beam triggers Time-of-Flight (TDC counts)

There were predominantly two types of beam triggers FIG. 2. Time of flight spectrum between S1 and S2 for
implemented in the experimentl) a kaon beam(K beam) (K beam-SB OR {prescaledr beam- SBtrigger.
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FIG. 4. (Color onling Schematic of one of the NMS arms.
FIG. 3. Energy loss in S3 fofK beam-SB OR {prescaled

7 beam- SBtrigger. covering the entire active area of the Csl crystal array. They

were not used in the hardware trigger.
C. The ATC

A Monte Carlo simulation of then® decay process 2. Converter planes
showed that in order to achieve the desired missing-mass
resolution(<2 MeV/c?), the vertices of the stopping kaons
must be known with better than 1 mm resolutian) in X
(vertical to the beam 2 mm inY (horizontal to the beam ; . .
and less than-6 mm in Z (the beam direction Therefore, (1) a BGO strip hodoscopgl4 crystals, each 16 ix2 in.

incoming kaons were tracked to their stopping point with aXO'25 in), and(2) a set qf multiwire c_hambers. The trajec-
set of multiwire proportional countetMWPCs9 with a cath- tory Of the conversion pair can be prqjected backvv_ards frqm
ode strip readout . Carbon targets were inserted between em? wire Chaf_“bef onto the BGO strip, a_nd thus its sp_at|a|
ery second proportional counter so that the ATC containe@"'9"" determmed within an error proportional to the thick-
ten sets of MWPCs with four targets. The construction and'®SS of the strlp..The shower then enters thg Csl crystaj array
performance of the ATC was described in RE2]. It pro- where the remainder of the electromagnetic shower is ab-

ided the vertex resolution with errors,, o, o, of 0.45, Sorbed. _ _
\]l_l 18. and g35 rﬁm resup:activv(\eliy B Oy T2 A set of four wire chambers behind each BGO plane con-

stitutes a chamber package, and consists of four anode planes
and four actively read cathode planes. A set of two anode
D. The NMS planes and two cathode planes measure Xwimsitions and

The NMS measures the total energy of a neutral mesorfWo Y-positions. Figure 5 shows a schematic drawing of a
°, by detecting the direction and energy of theshowers Chamber package.
originating in its decay. The NMS consists of two Csl arrays
of 60 crystals each, fronted by a set of bismuth germanate 3. Csl crystal array
(BGO) converter and wire chamber tracking planes. The Csl The Csl crvstal arrav lies behind the converter planes
crystals provide the photon calorimetry to determine the rela hi y yh f | P ;
tive energy difference between the decay photons, while thg IS ‘array measures the energy of an electromagnetic
BGO and wire chambers determine the location of the pho_shower. Each of the NMS arms contains an array of 60 Csl

ton conversion. This later position combined with tKe crystals(4 in.x ~4in.x12 in., having a small horizontal

stopping position from the ATC provides the opening angletapeb' The length of a crystal is chosen to contai7% of

: . 1e total energy of a photon shower with primary energy
glt;tween the photons. Figure 4 shows the entire NMS assentﬁ800 MeV (19 radiation lengths Each Csl crystal is op-

tically connected to a 3-in. photomultiplier tulMT) on its
back face, and is optically isolated from the other crystals.
The lightguide connecting the crystal and the PMT was also

The veto scintillators were used to reject charge particleCsl. The entire crystal array is housed in a thick aluminum
backgrounds entering the front face of the NMS. There wereasing, viewing the target through a thin window behind the
a total of 14 veto scintillators in each of the NMS arms, converter planes.

The task of a BGO converter plane is to convert the pho-
ton into an electron-positron pair which can then be detected
by the wire chambers. Each plane consisted of two elements:

1. Veto scintillators

064004-4
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stopped
%
35.56 cm
3.175cm
(‘L b, P I, g
Layer 1
72.0 cm BGO
FIG. 5. (Color onling Schematic of NMS
chamber package.
|_ Active Cathode
Spacer Layer2
Anode
Inactive Cathode
BGO
Pattern Repeated Plane 1/X
For Next Three Chambers illzzz ;g;,
In a Chamber Package ———————— Plane 4/Y’ Photon
E. Data acquisition (DAQ) arms to simultaneously have an energy larger than the re-

The experiment used a PC based data acquisition systeﬁﬁ’ec“ve thresholds. It was pos§ible to subject both arms to
[23] NMSDAQ which provided an interface to the National _dlfferent thr_esholds, _however this was never done, and dur-
Instruments IEEE standard GPIB data acquisition hardwardnd the entire experiment a common threshold was set at
The NMSDAQ consisted of two unique programs, the data38 MeV for both arms of the NMS.
acquisition DAQ, control program, and a data monitoring A Veto trigger required a logical OR between any of the

program NMSMonitor. The DAQ program was responsiblel3 ve_toes in an arrifable l). Requiring this trigger reduceq
for performing all the necessary calls to the hardware to acth® trigger rate, however due to the possibility of vetoing
quire data, whereas the NMSMonitor program was an indedood events which might have an associated charged reac-

pendent application, called by the DAQ to display analog td'o" Product or a charged "backsplagzs] from the Csl, the

digital convertoADC) and time to digital convertofTDC) veto was not inserted in the hardware trigger. A softvx{are cut
histograms of all the channels read out by the DAQ. No datd/aS later used after analysis to exclude events with veto

reduction or analysis was handled by the DAQ. signals. . -
The second-level trigger was implemented to ensure that

the DAQ computer and CAMAC interface hardware were

1. DAQ hardware and trigger ready to accept data from the ADCs and TDCs. This level of

The detector readout included all NMS compongi@sl

crystals, BGO strips, veto scintillators, and wire chamjers Ji

and the beam-line componerisTCs), scintillators,Cerenk- &| FERA ADC HFERA Drv }— ﬁfﬁf | Serial
ovs, and drift chambeysThe Csl crystals, vetoes, NMS wire j Y CAMAC
chambers, beam-line scintillators, arterenkov detector &| FERA TFC I—IFERA Drv }— SERA | 1| Highway
were also used to form the system trigger. :| FER:

The NMS components were read using FERA] ADC/ &| FERA ADC HFERA Drv
TDC, whereas all the beam-line elements and the target wer
read using FASTBU$24] ADC/TDC. However, both types M| FERA TFC I_IFERADrv
of data were polled into FERA MEMORIES which were
then read by the DAQ into the computer. Figure 6 shows the %' FERA ADC HFERA Drv

Memory

FERA —
Memory

FERA
Memory

Q

T

data flow from each of the detector elements. —
Cath 2
Cath2 | FERA ADC | FERA Drv v = -
2. Triggers B
There were two trigger levels in the experiment. To obtain | _|FASTBUS FERA |_| —
the first-level physics trigger, the analog signals from all 60 Tat | FASTBUS ™| Addresses Memoy | | it
crystals in each arm of the NMS were summed separatelyBeamline ADC/TDC |—|FASTBUS FERA |_|camac
and this summed output was subjected to a threshold cu Data Memory | | Dataway
cqntrolled by the DAQ. Requiring the Csl in the trigger im- NMS 1 PCOS 1 PCOS
plied that each NMS arm must have observed an energy, Wi [ PCOS — . bus Memory || V
Iarger than this thrt_ashold. The C_sl trigger could b(_a run in two N%S.Z cos || PCOS2 PCOS | | Computer
different modes, singles and coincidence. The singles modig, & DATABUS Memory
required only one of the two NMS arms to cross the energy
threshold, whereas the coincidence mode required both NMS FIG. 6. Data flow diagram for the experiment.
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TABLE |. Detector elements which participated in triggering.

Detector element Decision based upon
Csl crystals Energy sum of all crystals
Veto scintillator Timing signal between an OR of all veto signals
NMS chambers Logical YES/NO between an OR of all chamber
wires
Scintillator S1,S2, and S3 ADC pulse height threshold
Cerenkov CB Threshold set for pions only

trigger was made by polling the busy signals of the FERAIt is sensitive to the relative gains of the cathode strips, so
modules to make #BUSY-OR) trigger. This(BUSY-OR)  gain alignment of all strips was required. The position of the
trigger was unset if any one of the FERA ADCs or TDCs COG centroid, representing the position of the passing par-
were busy in processing data. The trigger also polled théicle ¢ is given by

level of FERA MEMORY capacity. The second level trigger

was only set when the FERA MEMORY exceeded a preset n

limit on the amount of data to be stored prior to readout. In >, Wg;

addition, the second-level trigger was only generated when £= i=1

the DAQ computer was not busy in processing the already n '

readout events. If both the first- and second-level triggers qzl 9
i

were true, an event was read into the computer.

In addition to the first- and second-level data acquisitionyhereq is the total induced charge over all the stripgjs
triggers, there was a scalar trigger which read scalar numbetge fraction of the total charge at positionandg; is the
between beam spills, a “header event” trigger that read temrelative gain factor between the strips.
perature information in order to maintain the Csl calibration, The ADC channel number can be written as
and a “cosmics” trigger that allowed the readout of cosmic
ray tracks in the NMS. A more detailed description of trig- ADC _ Q!nducecb_
gers can be found in Ref26]. ! ! a ,

where QPC is the measured ADC coun@"%*®?is the
ll. CALIBRATIONS charge induced on the cathode strip, apds the gain for
the i cathode channel. To gain match the 1820 different

S electronic channels, a square voltage pulse, of known
calibration data for the ATC and the NMS, a(®) data from height and width, was injected at the input end of each

the 1C(Kgoppeq 7 reaction. Calibration data for the ATC preamplifier, and the peak positid@®a of the QAPC dis-

were collected in order to adjust the gains of the variougipution determined. The gains were determined by
cathode strips, whereas the NMS calibration data were ob-

tained predominantly to calibrate the pulse height response
of the Csl and the BGO crystals. The outcome of these cali-
brations was a set of gain files for both the ATC and the

NMS detector components for various time periods during Figure 7 shows the distribution &”°C for all the ATC
the data acquisition. These files were used to adjust the gai%annels for a calibration pulse afV=21 mV and AT

during the analysis of the data. =200 nsec. The full width at half maximug®WHM) of the
Q"PC distribution without gain calibration is 100 ADC chan-
nels, whereas the FWHM of the gain matched distribution is

The center-of-gravity(COG) method provided a suf- 12 ADC channels. Thus, gain matching greatly improved the
ficiently accurate determination of a track position. Howeverpositional resolution of the ATC.

Two types of data were analyzed by the experiméhi:

Qpeak
_ i
g = Qinduced'

A. ATC calibration

3 . T :
= L £ 5000 -
= 2500 s r o
= L = F FIG. 7. The distribution of measured charge
Q2000 - o 4000 - for all ATC channels is shown. The plot on the
o " Q F left shows the distribution for the case of no gain
21500 |- & 3000 F ST ; g
< I < E calibration applied to the channels, and the plot
E 1000 E 2000 on the right shows the measured charge with gain
g £ F corrections applied to all channels. The shift in
S 500 - S 1000 the peak channel number is due to an overall
0 [ L ‘ PR — L change in the gain settings.
400 600 800 1000 700 800 900 1000

Charge (ADC counts) Charge (ADC counts)
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i 1600 £
. 2500 j 1400 ?
< 2000 - < 1200 3 FIG. 8. The total energy of the® using pho-
> 1500 - ~ 1000 - ton conversions in both the Csl and the BGO ar-
‘E L *E 800 rays. The plot on the left shows the energy sum
g 1000 - 2 600 = with all events included. The plot on the right
o r o 400 shows the same spectrum with the edge crystal
500 a cut
L 200 .
0 [ R T B R, L g C Ly |
100 200 300 400 100 200 300 400
7° Total Energy (MeV) 7° Total Energy (MeV)
B. NMS calibration fore, the BGO calibration was based on energy loss of cos-

Each NMS wire chamber package contains four cathod8nic rays. Unfortunately, the BGO raw ADC values have time
ariations due to temperature, angle of the track, and the

planes, and the mechanical construction of the package as )
lows position offset between the planes. To find these offsetdlistance along the crystal between the PMT and the location

cosmic rays were tracked through the wire chambers. Re2f the scintillation in the crystal. The dependence on the
siduals to a fitted track were obtained and the positigms 2ndle and the location of the track can be removed using
X,Y, andZ axeg offset to align the chambers. The cosmic information from the NMS wire chambgrs, gnd correctlons
tracks were then refitted, and the process repeated until due to temperature are described later in this section. Using

minimum in the position residual was obtained. The nomina!l this information, the peaks due to the energy deposition
position residuals for th¥ planes werer, ~ 147 um, and for ~ PY the cosmic rays can be aligned to an arbitrary energy

the Y planesay ~ 120 um. value. L
Energy calibration of the Csl and the BGO strips was a The absolute energy calibration for each layer of BGOs

multistep process. First, an absolute energy calibration wa&@S then obtained using the decay data by analyzing con-

obtained for all Csl crystals by detecting the monoenergeti€rsions in one layer of the BGOs at a time, beginning with
70 from the K* — 7*7° decay fromK* brought to rest in the the inner layers. Since the absolute energy deposited in the

ATC (BR~21%). The total energy of the® from this decay Csl is known, the fractional energy deposited in the BGOs

is 245 MeV. The task was to match simultaneously the pu|séelative to the Csl gives the absolute energy calibration of the
heights from all the Csl crystals to 245 MeV, and to optimize BGOS: The combined effects of the Csl and BGO calibra-

the resolution in this measurement. In order to remove th&ONS can be observed in the total enefgynspectrum. Fig-
uncertainty in the BGO converter array’s calibrations, only

ure 10 shows th&g,,,spectrum with the Csl edge crystal cut.
thoseK* data events which had no observed energy deposi- . | "€ Standard deviatiofv) of the total energy spectrum

tion in the BGOs were selected for this step in the calibraVith photon conversion in the BGO crystals is 6.5 MeV.
tion. The calibration of the Csl arrays has been previously! NS value is~1.5 MeV higher than the width of the spec-
described27]. Figure 8 shows the totat® energy obtained
by summing the energy of all the Csl crystals in the NMS. > 1600 |
The plot on the left shows the spectrum without cuts on the= F
NMS. The plot on the right shows the energy spectrum ob- gz
tained from data where the shower centroid did not occur in §
an edge crystal of the Csl arragdge crystal cut The ap-
proximate central location of the shower in the Csl was
found by a two-dimensional COG fit to the pulse height from [
all the crystals in an arm. The shower centroid is usually very 1009 |
close to the center of the crystal which received the largest i
fraction on the total energy. 800

The effect of this cut not only improves the energy reso- C
lution, but also removes the low-energy tail in the energy 600 -
spectrum. However it produces a cleaner spectrum at the
expense of total acceptance, due to the reduction in the ef 400 |
fective geometrical area of the Csl array. The energy resolu- I
tion obtained for the spectrum with the edge crystal cut is 24 [
shown in Fig. 9. The standard deviatiGn) of this distribu- [
tion is ~5 MeV, and corresponds to 2.0% of the 245 MeV o Lo
deposited in the Csl.

The K* data cannot be used to obtain relative energy cali-
brations for the BGO, since the amount of deposited energy FIG. 9. The total#® energy spectrum with photon conversions
depends on the depth of the conversion in the strip. Theresn Csl only. Theo of the distribution is~5 MeV.

1400

1200

L MR B L L L L L L
200 210 220 230 240 250 260 270 280
Total energy given by Csl only (MeV)
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tines. Since there were no detectors placed between S4 and
the ATC, we rely on the MC to determine the acceptance of
kaons leaving S4 and entering the ATB8+4)%.

The number of kaons stopped in the ATC is governed by
the energy loss of kaons in the target material. Since energy
loss is purely electromagnetic, the number of stopped kaons
is, except for a small correction, independent of the polarity
of the kaon beam. Therefore in order to estimate the number
of stopped kaons, the MC tracked positive kaons to avoid
invoking nuclear interactions in the simulation. From the
fraction of kaons entering the ATQG68+10% were antici-
pated to stop in the target. The large error in this number is
due, in part, to the uncertainty in the mean momentum and
momentum bite in the beam.

A pattern recognition codéPRCO was developed to track
the kaons to their stopping vertices. A detailed description of
the PRC can be found in Ref22]. The MC providedhit
e positions for incident kaons and their actual stopping posi-
0150 200 220 240 260 280 300 tions. The hits were then formatted as the real data files and

Total energy (MeV) processed through the PRC, stopping vertices calculated, and
compared to the stopped positions provided by the MC. It
was found that~91% of the events were reconstructed
within the residual error of the target thickness. This exercise

trum when the photons converted in the Csl alone, and Cor\_/alldated the software tracking routine used to identify the

stopping kaons.
responds to 2.65% of the 245-MeV mean value. The global structure of the pion energy spectrum is

shaped by the NMS solid angle acceptances. Therefore, it
was important to know the NMS solid angle as a function of
Since the data were collected for a long period of time the pion energy, as well as the energy sharing between the
and over significant temperature variations, the Csl and BG@W0 photons. A complete description of the NMS detectors
signals had to be monitored and corrected for electronic¥as coded into the MC. Then an isotropic distribution of
drift as well as crystal/PMT gain response as a function ofr’s in X andY positions was taken at the four carbon target
time. Once all the crystaléCsl and BGQ were gain cali- locations in the ATC. The position of the NMS arms was
brated with respect to one another and an absolute energ%ﬁﬁned by the rotation matrices obtained through the labora-
calibration was reached, cosmic-ray data were used to moniory survey of the detector elements. The effective solid
tor any drifts in the energy signals. The cosmic-ray data colangle acceptance of the NM&/4m, at an energy sharing
lected in sets of~12 h were analyzed for every Csl and parameter of=0.2 for 5 of 66° and 55%at pion energies of
BGO crystal and a set of new gain files was obtained for CsR45 MeV and 307 MeV, respectivglywere found to be
and BGO. This resulted in a set of gain files separated b{.000 914 and 0.001 15, respectively.
~12 h. The gain values from these files were then interpo- Using theK™ decay data, the hit multiplicities and patterns
lated in time on an event by event basis during the replay obetween the data and MC were also compared and found to
the data. be in good agreement.

g
S
T

5000

Counts / MeV

4000
3000
2000

1000

FIG. 10. The total energy of the® as measured by the Csl and
the BGO crystals. The of the distribution is 6.5 MeV.

C. Time-based gain drift corrections

IV. DATA ANALYSIS AND RESULTS
B. Number of K stops

A. Monte Carlo simulation A total of 3.649x 10° K beam- S3 triggers were analyzed

A GEANT based Monte CarloMC) simulation program for the hypernuclear production reaction. However, the num-
was developed to study the ATC and the NMS response. Fdser of kaons stopped in the carbon target was not equal to the
the case of the ATC, auRTLE [28] beam input to the MC at number ofK beam-S3 triggers. A correlation of S2 and S3
a nominal momentum of 690 Me¥/was generated. The counters for purely beam triggered data indicafé3+2)%
beam vectors were specific to the C8 beam line at the AGSof the events from the S3 counter were kaon signals. In ad-
The MC calculatedl) the number of kaons which enter the dition, the ATC was located-50 cm downstream of the S3
ATC, (2) the fraction of the beam which stops in the ATC, counter. Therefore, the number of kaons emerging from S3
and(3) the software tracking efficiency. that reach the target must be corrected for decays and out-

In order to make the MC realistic, exact ATC dimensions,scattering. To do this, the ratio of kaons at S4 compared to
materials, and positions of the ATC were used. In additionthose at S3 was extracted by identifying kaons by their en-
induced charge profiles for the cathode strip chamberergy loss in these scintillators, as observed in their respective
(CSCy were obtained from data and used in order to generADC spectra. Then the number of kaons emerging from S4
ate hit patterns on the CSCs for the software tracking rouand reaching the C planes in the ATC was estimated by
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F error in the opening angle, and only secondarily on the calo-
700 |- rimetry. The invariant mass is shown in Fig. 11.

C It has a FWHM of 10 MeV with a radiative tail. The
invariant mass can be used to reject backgrounds due to un-
correlated photons, or those not associated wftrdecays.
Figure 12 shows the opening angle spectrum with and with-
out a missing mass cut. The limit on the opening angle for
245-MeV pions, given the NMS geometry, is 66.6°. Without
the missing-mass cut, one finds 26% of the events below this
limit. However the application of a missing-mass cut of
10 MeV reduces this percentage to 12%. We also note that
the opening angle and energy sharing fractjoare corre-
lated. It is therefore essential to understand the cuts as ap-
plied to theK* spectrum before they are applied to the hy-
pernuclear data.

Applying a cut on the energy sharing parameteim-
proves the energy resolution and background rejection at the
expense of acceptance. For gr0.5 the#° energy resolu-
tion with all cuts is 2.6 MeMFWHM). If this cut is reduced
to 0.1 the resolution improves to 1.74 MeV. The cut also

FIG. 11. Invariantz® mass. The mean value is 134.5 MeV, and improves the spectrum by removing tails on the missing-
the FWHM ~10 MeV. mass peak. A Monte Carlo study has shown that these tails

are due to in-flight decays ane® contamination from other
Monte Carlo. The values obtained for these two steps werf€cay channels. Background is also rejected by requiring that
(61+3% and (88.5£4%, respectively, for a total of the beam track projects back onto the beam scintillator S3.
(54+4)%. The predominant contribution to the errors comes
from the momentum uncertainty of the beam. The number of
kaons stopped in the target was also studied using Monte
Carlo simulation, with the result that 68% of the kaons are The total energy spectrum of the emitted in this reac-
expected to stop in the target. The number of kaons regision is shown in Fig. 13. The region of the spectrum contain-
tered in the ATC were also counted and found to be in agreeing the hypernuclear spectra is replotted in Fig. 14. This
ment with the simulated number given the uncertainties irvegion is fit by minimizing a function containing two Gauss-
the knowledge of the momentum and momentum spread dhn peaks added to a linearly increasing background which is
the beam. The number of stopped kaons in the target as deuperimposed on a constant background of 1.8 counts per
termined from the number df beam triggers corrected by MeV. The widths of the Gaussian peaks are required to be
the above factors(0.73x0.61x0.885x0.68=0.268 is  equal, but their area, position, and background parameters
(0.977+0.019x 10°. are allowed to vary. Thg square of the fit was 9.3 for 20° of
freedom. It yields a strength of 13.7+£4.0 counts for the
ground state at 308.2+0.2 MeV, and 17.5£4.5 counts for the
(P35 Ap) at 298.0+0.5 MeV. The energy resolution ex-

The invariant mass spectrum of thé€ depends directly tracted from the fit was 2.2 MeV.
on the square root of the product of the two photon energies. In order to calculate the binding energy of the hyper-
Thus the error in the missing mass is predominantly due tmuclear ground state as well as the transition probability per
the error in the energy calibrations. On the other hand, thetopped kaon, the various efficiencies and acceptances de-
error in the energy measurement depends to first order on treeribed below were used.

Counts / MeV
g
T

500
w00 [
a00 |
200 -

100 |

L L |
120

140 160 180 200
Invariant pion mass (MeV)

o Lol ooan ™
60 80 100

D. The 2C(Kgoppea #°) SPectrum

C. K* decay data

g 900 £ 8 :
gosoo 2 & 500 g
< 700 & © 40 b FIG. 12. The left side plot shows the opening
g 000 F P : angle between two photons without any invariant
£ 500 F £ 300 | «° mass cut. The right side plot shows the same
8 400 £ 8 F guantity with an invariant mass cut of FWHM
300 F 200 E =10 MeV. The vertical line on both plots indi-
200 — 100 E J cates the kinematical limit of smallest possible
100 £ E opening angle of 66.72°.
0' A aliii 0‘4...._J...I.||| sl
50 60 70 80 90 100 50 60 70 80 90 100
Opening angle (degrees) Opening angle (degrees)
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A simple Monte Carlo simulation for various opening
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@
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505_ angles and pion energies was performed to calculate the
a0 Qetecive: The two relevant energies are 245 Méfor K*
30 = P datg and 307 MeV (for K~ datg. At a y cut of 0.2,
E ¢ FozY " R3R Qeffecti}e (245 Me\O:OOO9 14, and Qeffectbe (307 Me\A
201 ®oasrhon) =0.001 15.
= pazshs
105 v
L . E. Branching ratio calculation
0180 200 220 240 260 280 300 320 340 360 The ground state formation probabiliggr branching ra-

[
m” total energy (MeV) tio) for a bound hypernuclear sta@R is defined as
FIG. 13. The entirer® energy spectrum, showing the various

-1
regions as discussed in the text. The peak is clearly evident in BR = M
the data. RNk

Here V(P35 Ayjp) is the number of counts in the hyper-
nuclear ground stateV is the number of stopped kaons
The efficiency of the ATC was 88%22], and is defined as jn the target, and? describes all other parameters which
the probability with which a kaon can be successfullyinfluence the count rate. The factd® depends on the
tracked to its stopped vertex. The NMS efficiency was takersffective acceptance, the DAQ efficiency, the ATC effi-
as the percentage with whidioth of the NMS arms provide cjency, the NMS overall detection efficiency, and soft-
a tracked conversion point for the photon entering the BGOSyare analysis efficiency. The methods used to obtain the
This efficiency was predominantly determined by the NMSpyumber of stopped kaons as well as the factors influencing
wire chambers, and was calculated by comparing the eventg have been previously describgzb]. For theK™ data,R
obtained in thes® energy spectrum with and without the js calculated to be(1.33+0.20 X 10°5. The number of
requirement that the conversion point of the photon is deterstopped kaons is0.977x10°. The number of counts
mined by the NMS wire chambers. An efficiency of nqp;l, A,,) was obtained by fitting the ground state peak
(10£2)% was estimated which is in good agreement withas discussed in the last section. The total number of counts
Monte Carlo studies of the BGO conversion probabilitiesfor the hypernuclear ground state production was esti-
and wire chamber hit efficiencies. o _ mated at13.7+4.0.This yields a formation probability of
The combined data acquisition and analysis efficiency in{p.28+0.08 x 10°2 for the ground state peak. The number
cluding factors such as computer dead times, and data redugf counts for thep-shell peak,17.5+4.5,yields a forma-
tion cuts was estimated to §60+9%. tion probability of (0.35+£0.09 1073,
The analysis techniques used to analyzeKhelata were
also used to analyze th€" data. A count rate within 98% of
The effective acceptancef the NMS is the geometrical the expected value for the€* data was obtained.
acceptance multiplied by the energy sharing cutoff parameter

X- F. Discussion of them® spectrum

()

1. Efficiencies

2. Acceptance

The full 7° energy spectrum from thi&™ absorption on
12C is shown in Fig. 13. The overall structure of the spectrum
is dictated by the NMS solid angle acceptance, pion produc-
tion kinematics, and subsequent cuts on various quantities.

1. Spectrum shape

The spectrum can be divided intb) a low-energy region,
(2) a region ofX production,(3) a quasifreeA production
region,(3) a}\ZB bound state region, and) a kinematically
unallowed region having pion energies above thosekfor
capture at rest to the hypernuclear ground state. The lowest
observed total pion energy is determined by the solid angle
acceptance of the NMS at an energy sharing parameter value
of 0.2. At an opening angle of 55° between the two NMS
arms, the effective solid angle approaches zero near
FIG. 14. (Color onling The ° energy spectrum neat’8 200 MeV as shown in Fig. 15.
ground state region. The solid line is a fit to the data in the signal The effective acceptance also plays a role in the high-
region and shows the position and strength of the peaks. energy end of the spectrum. The effective solid angle, after

Number of Counts

e b e a s Lo s o X g o i b sy
290 295 300 305 310 315

Pion Energy (MeV)
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20 ¢ final state interactions between the recoiling particles. Thus
18 E this region is composed of a broad momentum distribution of

[ neutral pions.

16 |

: 4. High-energy tails
14 | . . . . .

; It is also possible to produce pions with energies above
those from the hypernuclear ground state. For example, in-
flight K™-nucleus reactions and kaon decays can produce
pions in this energy region, although the Lorentz boost re-
quires that energetic pions are forward directed, and there-
fore their detection is suppressed by the NMS acceptance.
However it is also possible that th€ may be captured on
correlated nucleons within the target nucleus, and it has been

p—
N
T

—_
(=
T

NMS Solid Angle (msr)
=
™ T

4r argued that~19% of all kaon captures occur with multi-
b nucleons participating in the procg&9,30. As an example,
0||||\ K_+(pp)_)2++n’

150 200 250 300 350 400 450
Neutral Meson Energy (MeV) 2*’ —p+ ,ﬂ_O.

FIG. 15. The NMS solid angle as calculated by Monte Carlo. Assuming a simple kinematical model in which the kaon
and the two protons are at rest,24 of 518 MeVt mo-
peaking near 307 MeV, decreases and approaches zero agaientum is produced, and the decay— p+«° could pro-
at 460 MeV. The region between these extremes is populateduce 7%s across a broad spectrum of energies. This type

by 3 production and thé\ZB bound state region. of background obviously is sensitive to many details of
the nuclear capture process as well as the detector and
2.X" peak target geometry, and has not been studied in detail here.

A predominant channel of hyperon production in the
stopped kaon-nucleus interaction is thechannel. The two
possible ways of producing®s in association withi®, pro- The interest of this experiment is to investigate the case
duction are when theA hyperon remains bound to tHéB nuclear core
forming asz hypernucleus. This is an isospimirror hyper-
nucleus to}fC, which has been previously studied using
strangeness exchange and associated production reactions. In

St a0+ p, mirror nuclei, the exchange of protons and neutrons creates a
Couloumb energy shifi31] AE;, however aside from an en-
ergy shift of~1.5 MeV, the level structures should be simi-

K™ +1%C - 3%+ 7%+ (A-1). lar. , ,
Based upon the location of the ground state peak, see Fig.

The 7% emitted in association with%s production fol- 14, a calculation of the hypernuclear mass andAhground
low three-body kinematics and have no unique pion emissioRtate binding energy can be determined. Using the measured
energies. In contrast, the”s produced from>* decay can energy of the pion from the ground state pedk,o
be monoenergetic when tlg decays essentially at rest, and =308.7+1.0 MeV, the binding energy of the in the iZB
a fraction of the charged'’s, produced with some recoil nucleus isB,=11.2+1.0 MeV, in agreement with the cur-
momentum, can be brought to rest in the target before theyently accepted value of 11.37+0.06 Mé9?2].
decay. Thus the expectet? peak at~232 MeV associated
with a two-body>* decay at rest is observed in the data. This 6. Backgrounds
peak position aids in verifying the energy calibration of the
spectrum. The broad structure of the peak is duE*tdecay
in flight.

5. 1B states

K +2C—o3"+7 +(A-1),

and

The background in hypernuclear production using the
(Kstoppea ) Feaction is larger than im-flight reactions. The
Kstoppeai®action is not as selective and the actual momentum
of the kaon is only assumed, but not measured, to be zero. In
addition, pion momenta from both production and decay
Background=®s can occur through quasifrek produc-  products occur in the same spectrum region, and multi-

tion or from A decay. However unless significantly boosted, nycleon captures also produce unavoidable backgrounds.
pions fromA decay have energies either below or near the

low-energy cutoff of the NMS acceptance. Howevets

from quasifreeA production dominate most of the spectrum,
whose shape is governed by the NMS acceptance, the Fermi This study reports on the usefulness of the
momentum of the interacting protons in the nucleus, and?C(Kg .4 m)3’B reaction to produce hypernuclei charge

3. QuasifreeA production

V. CONCLUSIONS
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TABLE Il. Hypernuclear formation probabilities after stoppkd capture.

Reference ASi2 A(P3pp+Pyp)
12C theory[17] 0.33x1073 0.96x 1073
12C theory[19] 0.12x10°3 0.59x 1073
12C theory[21] 0.231x 1073

12C expt.[29] (0.98+0.12x 1073 (2.3+0.3 x1073
12B theory[21] 0.119x 1073

128 expt. (this work)®

(0.28+0.08x 1073 (0.35+0.09x 1073

*Multiply by 2 to compare this result tffc production.

symmetric to those previously studied by the in-flight shell, should also be included. We estimate that ptshell
(K=, 7)) and (7", K*) reactions. ThekZB ground state peak error is about 15%. The formation probability to the ground
was observed, and an enhancement above a sharply risisgate is lower than the previous experimental valuei
background was evident in the region of the expegtetiell ~ formation after correction for isospifi29], but remains
structure. From the measured pion momenta of the reactiohigher than the theoretical calculations for the ground state
we determine that thé\ binding energy is 11.2+1.0 MeV [17,19,21.

and the position of the structures is consistent with that ex- The energy resolution of the g.s. peak is

pected from its isospin mirrorfC after correction for the
Couloumb energy difference.

We find a hypernuclear ground states) formation prob-
ability of (0.28+0.08x10° and that for thep-shell of
(0.35+0.09%x 10°3. This is compared in Table Il to theoreti-
cal and experimental values for thH&g,,,.q7 ) reaction

~2.2 MeV(FWHM), which is larger than expected, given
the measured calorimetry and shower positional resolution.
This is attributed to the problems associated in maintaining
calibrations over the long period of data acquisition as op-
posed to the collection of th&* data set. The data are not
sufficiently accurate to comment on charge asymmetric ef-

P ;
which should occur twice as often basecf on isospin conseffects which are expected to be at a level-o4%.
vation. The quoted errors are statistical, but because of the Finally, given the observed level of background compared

difficulty in extracting the yield from the background an
additional systematic error, somewhat larger for the

to the signal, it appears that the usefulness of this reaction for
hypernuclear spectroscopy is limited.
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