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Abstract 

This thesis gives a full description of a recent measurcmC'nt of 0Be(J\ - .rr±) spectra at Ph· = GOO 

~le\)c. The experiment was done at the Low Energy Separated Beam line 2 (LESB2) of .-\GS accelerator 

at Brookhaven ~ational Laboratory (B.:\L), using a magnetic spectrometer called ).fOBY DICK. The 

purpose of this experiment is to obtain high-statistics and unbiased data. and to JHO\"C (or dispro,·e ) the 

existence of narrow L hypernuclear states reported in 1980 b~· an experiment done at CERX. The naturt> 

of such narrow E hypernuclear states has remained one of the unsoh-cd puzzles of nuclear physics for 

nearly 15 years, and high-quality data have been waited for. 

ln the present experiment. more than 5xl09 kaons wC're incident on the target for the (I\' - ,iT -) 

reaction and -l x 109 kaons for the ( K- ,rr+) reaction. \\·c used a good particle identification methods to 

suppress backgrounds and did not employ any out-of beam scintillator trigger which the preYious CERX 

experiment did. As a result, we were able to accumulate more than 10 times higher statistics as compared 

with the previous CERJ\1 experiment. 

Although the overall shape of the present 9 Be(I\· -,rr-) spectrum agrees fairly well with that of th(• 

CERl\ data, the two spectra disagree in the region of the ·double p€'ak·. The present data do not exhibit 

the two narrow peaks; instead, there is a broad enhancement. Since the present data have much higher 

statistics. we conclude that there are no narrow L hypernuclear states of tBe. So narrow structure was 

identified in the case of 9 Be(I{-,;r+) either. 

Attempts were made to reproduce the observed (1<- .rr±) spectra ba~ed on a simple quasi-free picture, 

which takes account of neutron (pro ton) pickup from p- and .<;-01·bits. but the spectra could not be 

reproduced with such a model. Clearly, more theoretical studies are needed in order to fully understand 

the 9 Be(J<- .;r±) spectra, and the present high-statistics data should proYide a basis for such studies. 
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Chapte r 1 

Introduction 

This thesis presents a full account of the experimental stud_\· of the ~Be hypernucleus, produced by the 
9 Be(J<- ,1r±) reaction at P K = 600 .\Ie\"jc. The experiment wa.s performed at Brookhaven "\"ational 

Laboratory as experiment 887 (£887). 

1.1 M o tivation of the exp e rime n t 

The purpose of E887 is to obtain high statistics 9Be(/\- - ,r.±) data. and to proYe (or disprove) the existencc 

of narrow L hypernuclear states reported in 1980 by an experime nt done at CER:\" {Bertini et al.[l )) . 

The nature of such narrow L hypernuclear states has remai ned one of the unsolved puzzles of nuclear 

physics for nearly 15 years, and high-quality data have long been waited for. 

The reaction used in the CER.:\ experiment was 9 8e(/\·-,rr-) at P 1,· = 720 .\leV/c, the pion detection 

angle was 0°, and their spectra are sho,vn in Figure 1.1. The top half of the figure shows the region of~ Be 

hypernucleus. By the time this experiment was done,,\ hypernuclear production by the '\ecoilless" in­

flight reaction (described in detail in the next chapter) had been well established . The recoilless reaction 

is known to strongly populate the 'su bstitutional' states, in which a p-shell neutron is 'substituted' by a 

A occupying the p-shell orbit without angular momentum transfer, and the dominant peaks in the ~Be 

region are due mostly to the population of such states~. 

\Vhat was surprising \vas the discovery of two narrow (r < 8 .\lc\·) peaks about 80 JY[e\· above the 

i\ hypernuclear region (see bottom half of Figure 1.1) . Since 80 'de\" is roughly eq ual to the l:- A mass 

difference, it was natural to attribute those peaks to the formatiou of 2.:: hypernuclear states t. 

This discovery \\'as totally unexpected. Since a ~ in a nucleus can convert via the strong interaction 

to a A ('£1V ___, ANL the existence of narrow (long-lived) I: hypernuclear states had been considered 

impossible. For example, based on the analysis of the energy sh ifts and widths of sigmonic X-rays, 

Batty[2] and Gal[3] estimated the widths of l: hypernuclear states to be 20-30 :\leV. 

As shown in Figure 1.1. the sim ilarity of the two spectra are rather striking, and the curves drawn 

to 'guide the eyes' make the similarity even more impressive. Based on this observation, it was generally 

· .:--lote, however, that the shell-mode! picture docs not adequately desrrilw thf' ~ 8f' structure. Detailed discussion will 

be given in Chapter 5. 

t Although the 9 Bc( K - ,1!"-) reaction can produce two differf'nt typr·:--. of ~ hy]wrntwlf'i. ~-.,Be and ?-+Be, Bertini et a!. 

assigned the peaks to the formation of~" Be. This is because the elPm{'ntar-_v ~+ producti-;n cross s;ction at P K = 720 

\tleV/c is known to be negligibly small. Hence, the abscissa of the bottorn half of Figure 1.1 is the excitation energy 

measured from the E 0 production threshold. 



CHAPTER 1. /STRODCCT/0.\' 

400 r 

JOO 

200 

100 
> 
:i .. .. ............ 
"' z 
§ 60 

40 

I I I !iII 
20 

20 40 60 

Figure l.l: L hypernucleus on 9 Be reported at CER\'". The top figure shows the \Be spectrum and 

the bottom figure shows the ~0 Be spectrum as functions of ~B rtHyperort· the excitation energy from 

production thresholds of hyperons. The lines are given to guide the e~·es. Taken from Ref.[l j 

believed that the depth of the L-nuclear central potential should be similar to that of the .\-nuclear 

potential (- 30 ::deY). 

The CER:-.i discovery prompted intensive theoretical and experimen tal studies of L: hypernuclei. Theo­

retically, possible mechanisms to quench the '£1V conversion widths were proposed to explain the existence 

of narrow L hypernuclear states(23j. Predictions for the sp in-orbit splitting of~ in nuclei were also given. 

Though there were much effort to describe the i;Be hypernuclear spectrum from the viewpoints of the 

nuclear shell model or et cluster modei[4J[5][6][7][8], none of them succeeded to reproduce it. 

On the experimental side, the CER.:'\ group constructed a new lo,,·-momentum kaon beam line ded­

icated for the :: hypernuclear spectroscopy, and they reported narrow p-shell substitutional states of 

~:::!-Be and ~6- C. populated respectively by the 12 C( .h'- ,rr.,..) and t 6 0(l\·- .;;- ) reactions. These data were 

used to deduce the L spin-orbit splitting, and the claim was that it was twice stronger than that of 

nucleon in nuclei[9Jil0]. 

Subsequently, narrow p-shell substitutional L hypernuclear states \vere reported in experiments at 

B:':L [l !J and at KEK[l2]. However, all the candidate peaks have low >tat ist ics. and some of the results 

are mutually inconsistent. In addition. all peaks are in the:: quasi-free region. and no ground (or bound) 

state peak was reported. This last fact contradicts the assumptions that i) :: potential is as deep as the 

.\ potential, and ii) the L conversion width is somehow suppressed: if both of these assumptions were 

1.2. BSL-AGS EBB< COLLA/30RAT/OS 

true. we would have observed a distinct peak of:: hypPrnuciC'ar bound :-.tatf'(.s). 

To ensure the existence of L hypernuclei, high statistics data \H'f<.' tak('!l at B:\L[l3j on i[j{J,·- .IT .... ). 

12 C(/\·-.7i---) and at I\El\ [1-lj on 12 C(stopped l\· - .;r'"!"' ). Both of tia~~e t'XJWrimC'nts ga\·e negcuive results 

on the existence of narrow .,_, hypernuclear states. In particular. the anal.\·~is of the spectral shape of the 
12 C(stopped A· - ,7i+) quasi-free continuum, with a the result:-; of 0\\'1.-\ calcu lations performed within 

the frame,vork of Green 's function method developed by J.lorima.tsu and Yazaki [15] . revealed that the 

L-nucleus potential depth should be shallower than several ).{('\·. \\'ith thcst:> negative results, interests 

in :: hypernuclei gradually diminished. 

A new insight in the E hypernuclear physics \\'as obtained. howp,·er. when a candidate for the ground 

state of i:He hypernucleus was reported in the 4 He{stopped A· - ,;r-) rPaction performed at KE.K [l8j. In 

the 4 He(stopped A· - .rr ..... ) spectrum. there was no structure. Th<' diffrre>ncf' between the two spectra is 

a clear indication of the importance of isospin dependence of the ::-nudcu:; potential (Lane term). In 

fact. prior to the experimental discovery, Harada et al.[llj had already prcdictC"'d that there should Pxist 

a relatively narrow T = 1/2 bound state of i;He. while the T = 3/2 partner should be unbound . The 

experimental results were consistent with such predictions. 

Although there sti ll remain some uncertainties in determining tlw <~xact binding energy and width of 

the tHe statet, the tHe and the ~Be reported at CERX are the only two~ hypcrnuclear candidates 

which are considered 1Solid'. A question remains, however, wh~· narrow L stat('S are obserYed on!~· for 
9 Be, when all other p-shell nuclei do not seem to produce I: hypernucl~i. 

Experimentally, it is imperative to accumulate high-statistics data of ~Be, and provide independent 

test of the claim made by the CERX experiment. Surprisingly. no such data have been taken so far, due 

mostly to the difficulty in obtaining a high-flux kaon beam. In 1992, a new booster synchrotron for AG S 

was completed at B~L. which boosted up the primary proton beam intensity of .-\GS by nearly an order 

of magnitude. \\·e took advantage of this opportunity and collected high statistics data of 9 Be(A·- ,«±) 

in the summer of 1994. 

1.2 BNL-AGS E887 colla boration 

E887 is a collaboration of Brookhaven National Laboratory (BXLL Cniversity of Tokyo, Institute of 

Xuclear Study (IXS ), Ohio University, Houston Uni,·ersity and Hampton University. :VIembers of collab­

orators are listed in Appendix E. 

E887 was designed to verify the existence of the narrow L h~·pcrnuclear structures on various nucleus 

with high-statistics and unbiased data. Approved beam time was 800 hours ( 100 hours for setup and 700 

hours for experiment). \\'e have run for 2.5 months from the beginning of ~fay to the middle of July in 

1994 and collected L hypernuclear data on 9 Be and 6 Li with (I\- .tr±) rractions. 

The main features of E887 are not only to obtain a high·statistics data (10 times more than the 

previous CER\7 experiment) but also unbiased data. The pre,·ious data taken at CER:':[l][9][10] tagged 

the L hypernuclear events with scinti llation counters surrou nding the target to reduce the background 

from in-flight !{- decay (out-of beam scintillator trigger) and were not pion inclusive data. Thus \VC 

intended to get pure pion inclusive spectra from (!<- .rr) reactions without tagging. \Ve renewed thC' 

particle-identification system for this experiment and succeed to rl'dnn' in-flight g- decay background 

tThe peak position is close to the binding threshold and it is on thf' -,/uw!(h·r of thf' quasi-fn'(' continuum. Thus it is 

inappropriate to simply fiL a OreiL-\Vigncr curve to the peak to dt·dll\1' th1· hinding Pnergy and width. For details, see 

Rcf.[16J. 
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compiNely. 

The author will present the experimental results of 9 Be(!\· - .-rr::r: ) datn. and 6 Li data is presented in 

ReL[20j. 

1.3 Outline of t h es is 

This thesis is organized as follows. Chapter 2 describes details on experimental conditions and setups. 

Data analysis procedures are presented in Chapter 3. which is followed by the presentation of the final 

spectra in Chapter 4. Discussion of the results. including the comparison of our data with those of the 

CERX experiments, is in Chapter 5. Chapter 6 gives thesis summary. 

Chapte r 2 

Details of experiment 

In this chapter , we describe details of the experiment. Our experimen t (B.\'L AGS £887) was carried out 

at Low Energy Separated Beamline 2 (LESB2 ) on the C line of the .-\lternating Gradient Synchrotron 

(.-\GS), located at Brookhaven '\ationaJ Laboratory (B'\L). 

The reactions used to study I: hypernuclei are strangeness-exchange {I\- - .-rr± ) reactions on a 9 Be 

target. Data were taken using two magnetic spectrometers (Kaon spectrometer and Pion spectrometer); 

incoming kaon were identified and momemum-analyzed with the Kaon spectrometer and outgoing pions 

were identified and momentum-analyzed with the Pion spectromctC'r. 

Target 9 Be 

I< - momentum 600'1lc\)c 

7f momentum 460'1le\)c for 9 Becr,· -,rr-) in theE region 

438'1le\)c and 460 'lle\)c for 9 Be(K- .rr+) 

550~Ie\)c for 9 Be( r,·- .rr -) in the A region 

7f detection angle -l degrees 

Table 2.1: E887 experimental condit ions 

T he run conditions as summarized in Table 2.1 were chosen based on the following considerations; 

1. Reaction angle (1r detection angle) 

At 0 degrees (forward angle) the elementary cross section-:\(!\·- .rr)E is largest, and the momentum 

transfer to sigma particles is smallest. Since these are the best situat ion for our purpose to produce 
9 Be E hypernucleus, measurements at small angle are favored. 

However, in-flight kaon decays cause large background at forward angles. \\'e can suppress the kaon 

decay background by reconstructing reaction vertex and b~· requiring that vertex position is in the 

target volume. The reaction angle of -l degrees was chosen as an optimum to achieve good vertex 

resolution while maintaining large yield. 

2. Kaon momentum 

For the N(K- ,7T)E reaction , there exists a so called "magic momentum", where the momentum 

transfer to the L's becomes to zero in the casf' of oo l\'1r reaction angle, hence the probability for 

forming (substitutional } L hypernuclei is maximum (recoillf'ss reaction). Also at non-zero reaction 
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Reactions to produce hyperons H~·peron production threshold 

pion momentum(:\Ie\-jc) at -l 0 

9 Be(I{ - ,,.- )8 Be+.\ 572 
9 Be(K- ,,.- ) 8 Be+~o -192 
9 Be(I\- .7r-)8 Li+I:- -t77 
9 Be(J\- ,,.-)8 Li+I:- -169 

Table 2.2: Pion momenta at hyperon production threshold. PK=586:\Ie\'jc. Pion detection angle is -l 0
. 

angle, the momentum transfer is minimized (not zero) at a Cf'rtain [\· - momentum. This occurs 

for 9 Be at -l degrees at ,....., 250 :\le\'jc as shown in Figure 2.3 .. -\s shown in Figure 2.1 1 howe,·er. 

kaon beam ftux at this low momentum is small. In order to collect high statistics \\·hile minimizing 

the momentum transfer, we chos~ 600 \Ic\'jc as the kaon momentum {on the target. the kaon 

momentum was 586 :\rfe\' Jc due to the kaon momemum loss in SP\·eral materials on the beamline. 

See Appendix D). Recall that the CERS beryllium experiment was done at 720 ~le\)c, and 

that all subsequent L hypernuclei experiment at 0::\L were done above 700 ~le\)c. Thus, the kaon 

momentum of the present experiment is lower {hence closer to the magic momentum). :'\evcnheless. 

we could collect nearly 10 times higher statistics. thanks to a good particle identification methods 

we employ without using an out -of~beam scintillator tagging which the CER:'\ experiment did . 

.-\!so note that at 600 :\[eV /c the elementary cross st:-ction of n(K- .1r -)~0 is larger than p(K- ,TI"- )E+ 

(see Figure 2.2) so that the product of 9 Be(K- .rr-) would be dominantly l::0 

3. Pion momentum 

The threshold momenta of sigma particle productions for 9 Be(x- .,.- ) ~0 + 8 Be, l::~+ 8 Li .. \+8 Be 

and 0 Be(I{- ,7r+)r- + 8 Li reactions are tabulated in Table 2.2. Pre,·iously-reported two 9 Be l:: 

hypernuclear states are about 10 .~vfeV and 20 :\[e\· abO\·e the threshold of E0 production on top 

of the E continuum. In order to cover the both structures. we set the central momentum of 

the Pion spectrometer at 460 );leV /c which corresponds to 15 ~leY above the l:: 0 threshold for 

(K- ,71'-) reaction. As for the (J\-,7r+) reaction. we ran at two central momentum settings of the 

Pion spectrometer. One was -138 .:V1eV Jc which corresponds to 15 :\[e\· above the E- production 

threshold. The 1r+ spectrum obtained with this sett ing can be directly compared with the (K-,tr-) 

spectrum without the momentum acceptance correction of the spectrometer. The other was the 

same central momentum as u<- ,7r-) reaction (-l.60~fe\'jc). which was used to check the relative 

consistency o f the momentum acceptance shape. 

2 .1 Kaon Beamline (LESE 2) and Kaon spectrometer 

A characteristics o f LESB2 is tabulated in Table 2 .3 and a schematic Ora wing of the LESB 2 beam line is 

shown in Figure 2.-l. 

Particles produced by the 24 GeVJc protons on the 6.7 em thick platinum target were be nt by a 

septum magnet D 1 and focused by the quadrupoles Q 1 and Q2. and wf're steered to go through the 

center of the double-stage electro-static separators 051 and 052. 051 has a. 5 inch gap and was operated 

with± 300 kV. 052 has a 4 inch gap and was operated with ± 230 k\·. 

2.1. I\AOS BE.-1.\IL/SE (LESB 2) .4.\D 1\AOS SPECTRO.IEETER 
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Figure 2.1: Decay corrected kaon yields at the experimental target po:sition 1 produced with 2-l Ge\' jc 

protons in :\GS. Calculation was made using a empirical formula of Sanford and \rang[21J with kinematic 

reftection[22J. 

:\laximum m01nentum 750 ~[e\)c 

Length 15 111 

6p60 50 msr% 

Beam optics Corrected to S<'cond order 

Electro-static separators Double-stage 

5 inch gap. 300k\·. 2m (upstream) 

4 inch gap, 250k\·. 2m (dow nstream ) 

Production target 6.1 em platinum. air cooled 

Production angle 5" 

Kaon yields at 600 ~leV/c lOx 103 per lx 10 12 protons 

rr/ K ratio at 600 ).!eV/c 13:1 

Kaon momentum bite ±3o/r 

Kaon profile 10 em in X and 2 em in Y (FIH!'.l) 

Table 2.3: Characteristics of LESI32 ht>cu11 lin<' 
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Figure 2.2: Fermi averaged I<-+N- L+1r elementary cross Sf'ctions. Taken from C. Dover et al.[23]. 
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Figure 2.3: f..lomentum transfer to hyperons in the 9 Be(I\·- .7r) reaction. J{7r reaction angle is 4° for the 

setting of our experiment. 
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\\.ith Q3 and Q-l, particles were focused on the mass :-;lit. w~l('I"C' kaon!'i WC're selected from contaminant 

pions by a spat ial separation. The well-separated kaon \)('am C'lltf'rPd the Kaon spectrometer. 

The h:aon spectrometer had 2 sets of vertically and horizon tall.\· for using quadrupo\es and a momen­

tum selecting dipole magnet. Configuration was Q6. D2. Q7, Q8 from upstream (see Figure 2.5). Kaons 

were focused on a target placed downstream of Q8; the total length of LESB2 and the kaon spectrometer 

(from the platinum production target to the experimental target area) was approximately 15 m. A ho­

doscope consisting of 8 small sci ntillation counters and a drift chamber (DXl). located between Q5 and 

Q6. and 6 drift chambers (DX2, D \.:3, DX4, D\'5, D:\6. DC7) placed between Q8 and the target, were 

used to reconstruct kaon momenta(Z direction is defined along the beam a.xis . andY is the \'Crtical (up) 

and X is the horizontal a.x is in right-handed coord inate. L" axis is +-!5° and \. axis is --!5° rotated from 

the Y direction, respectively). 

Kaons were identified by combin ing the information from a lucite Cerenkm· counter (CP ). located just 

upstream of the target, and time of flight measured between 2 sc in ti llation counters Sl and ST. The Sl 

counter wa'i at the entra nce of Q6 and the ST counter was attached to the upstream of the CP counter; 

the flight path between Sl and ST was -L3 meters. 

With a typica.l proton flux on the production target of 5x 10 12 /p ulse, the 600 }.le\'jc kaon flux at the 

experimental target was typically 5 x 104
/ pulse and tr / [{ ratio was about 15:1. The accelerator cycle wa'i 

3.8 sec and effective spill length was approximately 2 sec. 

The kaon profile on the target was 10 em ( FWH~r) in the horizontal direction and 2 em (F\\'H~l ) in 

the vertical {sec Figure 2.6) a nd the momentum bite of kaons was± 3% (a) as shown in Figure 2.7. 

2 .2 Pion spectrometer(Moby Dick spectrometer) 

The Pion spect rometer (we sometime call it "~loby Dick'' spectrometer) had the QQDQQ configuration 

and was rotatable around a pivot at the target position shown in Figure 2.5. 

The pion mom enta were reconstructed by using 8 drift chambers (DX8.-....Dl5). The first five chambers 

(DX8-DY11 ) were placed between the target and Q9 , and three of them (DX8,DX10,DX12) measured 

horizontal (X) coordinates and the other two (DY9,DY11) meas ured vertical (Y) coord inates. The 

remaining three chambers (D13 ,Dl4 ,D15) measured both X andY coordinates, placed at the downst ream 

of Q12. 

Pions were identified by the time of flight between the ST counter and a scintillation counter 52 

placed on the focal plane between Dl4 and Dl5. The flight path between ST and 52 was 6.8 meters. 

Additionally, two horizontally-segmented scintillation counters S3l" and S3D were placed behind the D15 

chamber, which were used in coincidence with 52. 

Pions were further identified with a so-called "muon filter · . consist ing of an iron block and a scin­

tillation counter (:..IV), placed at the back end of the Pion spect rometer. The muon filter was used to 

eliminate muon background from in-flight kaon deca~·s. 

Angular acceptance of the spectrometer was about 18 msr and momentum acceptance was ± 10%. 

Actual shapes of these acceptances, obtained from our data, ar<' shown in Appendix C. The energy 

resolution of the overall spectrometer, measured by using thC' monochromatic peak of the p(I\· - ,7r+)E­

reaction on a CH·2 target , was -1..2 }..Ie\· FVYH:..I (see Appendix I3. This value is mainly limited by precision 

of spectrometer magnet maps). 

The Pion spectrome ter performances are summarized in Ta.blt• 2.-1.. 

2.2. PIOS SPECTRO.\IETER(.\IOB\' DICI\ SPECTRO.\IETER ) 

Q2 

BSl 

Q3 
Q4 

BS2 

QS 

Q6 

PROTONS 

LESB2 BEAM LINE 

Figure 2.4: Schematic drawing of LESB2 (Low Energv Srparated Il ramline 2) . 

Pion angular acceptance 18 msr 

Pion momentum acceptance sec Figurf' C.2 in Appendix C 

Energy resolution ~.2 ~1,· \· F\\' 11~1 

Table 2.-l: Performances of the Pion SJ)('CtrO!Il('tl'r 
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Figure 2.5: Schematic figure of \foby Dick spectrometer . 

2.2. PIOS SPECTR.O.\/ETER (.\IOBY DICI.; SPECTRWIETER) 
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Momentum bite of kaons 

Figure 2.7: Kaon momentum bite in the Kaon spectrometer . Relative momentum(%) to the central (600 

~leV /c) 

?.3. DETECTORS 15 

\·ame Operating voltage Drift distance Effcrti\T area Gas mixture Resolution 

D.\1 .-\r :76% 

TYPE! D.\2 -l.l k\" (cathode foil ) 0.1 in ch 5 .. horizo ntal [sobuthane:20% 250f.Lm(<7) 

D.\4 -l.3kV(potentialwire) 2"'vf'rtind :-.rethylalA% 

DX6 

D1.:3 

D\"5 .-\r :76% 

TYP£2 DUI -l.lk\"(cathode foil ) 0.1 inch 5'' ho rizo ntal Isobu thane:20% 2501<ffi(<7) 
D.\8 -l.3kV(potential wire ) l"'n·rtical ~IethylaU% 

DY9 

DXIO 

DYll 

D.\12 

D13XY .-\r:76% 

TYP£3 DUXY -l.SkV (cathode foil) 0.375 inch 2--~:·· horizo ntal Isobut han e:20% 

1 

250!IITI(<7) 

Dl5XY -2.15kV(potential "·ire) 1:2'1 \'Ntical :\lethylal:4% 

Table 2.5: Drift chamber configurations 

2.3 Detectors 

2.3.1 Drift Chambers 

w·e used 15 chambers whose parameters are summarized in Table 2.5. 

Each plane (X or Y ) of the chamber had 2 layers of wires shifted by a half cell with each other to 

resolve left-right ambiguity. X andY chambers (DLX:.-....Dl2X) had 24 signal wires in each layer , and XY 

chambers (D13XY,......D15XY) had 32 signal wires in each :X layer and 8 signal wires in each Y layer. 

Positions were derived from the drift time to the nearest wire. Detail s of the analysis procedure of the 

drift chamber will be described later in the analysis chapter. The drift time was measured with common 

stop TDC's. Signal from each wire was amplified and discriminated at a certain threshold , and was fed 

into the TDC start. Time clocks of the TDC's were distributed from external clock-generatin g modules. 

The TDC which was started by a wire signal was stopped b.\· the main trigger. 

2.3 .2 Trigger counters 

Locations of trigger counters were described in sections 2.1 and 2.2. and were indicated in Figure 2.5. 

Here we present the detailed information of each counter. 

1. Hodoscopes 

Hodoscopes were 8 horizontally segmented 1.95 em widP scintillators designed to stand high beam 

intensity and multiplicity, and were located just behind the mass slit. These determined the hori­

zontal positions of incoming kaons and, cooperating with tlH• drift chamber DXl , the direction of 

projectiles. Each signal from the scintillator was rC'ad by a photomultiplier tube and was discrimi­

nated for the inputs of TDC , scaler and the multiplicity logic. 
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Figure 2.8: CP threshold curve: (;pper figure shows the kaon dctC'ctiou efficiency with the threshold value 

for the summed signal of CPA and CPB. Lower shows the pion dC'tC'ction efficiency. Our operating value 

is also indicated in the figure. 

2. Cerenkov counter (CP) 

CP was a half inch thick threshold type lucite Cerenko\· counter and was used for eliminatiug pion 

backgrounds in projectiles in the triggers. Signals were read b_,,.. photomultiplier tubes on both ends 

(up( CPA) and down (CPB); hereafter. \vhen a counter is viewed by two tubes. we denote them 1A · 

and ~B'). Analog signals from CPA. and CPB were summed up linear!~· and the resultant signal was 

discriminated at a certai n threshold (see Figure 2.8 for our selection of the thres hold) to separate 

pions and kaons. As seen from Figure 2.8 , the pion detf'ction efficiency was about 95 percent. 

3. Scintillation counters 

\\"e used 5 scintillation counters for this experiment. Sl, ST. 52. S3C and S3D. Each counter has 

2 photomultiplier tubes on both ends. Basically every signal from the photomultiplier tube was 

split into four for the trigger logic. TDC . . -\DC and scaler. TDC signals were used for the furth er 

analysis of particle identification. 

Table 2.6 summarizes the physical dimensions and operating conditions of the counters. 

2. 3.3 M uo n fi lte r 

In our experimental condi tions, muons and electrons from in-flight [\·- decays. K e3 and f\·1,.3, caus(' 

backgrounds for the(!< - ,rr - ) reaction (Figure 2.9 :;haws the df'cay kinetnatks of 58G .Yfc\"jc kaons with 

our spectrmnetc r acceptance). 

As we mentioned previously, time of Hight bctwef'n STand 52 prc)\'idt·d th t• primary means of partidt• 

identitication. However , it is difficult to dist inguish muon:, from piou:, by TOF alone, because of tlw small 

2.3. DETECTORS I; 

Physical dimensions Counting r<:ltl'S per trigger l 

4.8x 10 1 kaons I 
Hodoscopes I 1/ 811 thi ck 1.95cm wide LSx 10' l 

2 6cm high 4. lx 10' 
3 1. l x 101) 

4 1. l x lOtl 

5 lA x lOti 

6 LO x J06 

7 3.2 x 105 

8 1.7x 105 

SIA 1/•l''thick 5.5.'wide 4.G x 106 

B 2.5"high 4.6 x 106 

STA 1/~" thick 5'.widc Ll x JOG 

B L25.'high 1.2x 106 

CP.>. 1/ 2.' thick 5·• wide Ll x 106 

B 1.5'1 high Ll x JOG 

52 A 1/4 ·thick 2-f' wide 1.8xtQI (,. -) 

3 .. high 3.1 X J03 (;r+) 

B 2.4x !0 1(;r -) 

4.3x 103 (,. +) 

S3tiA 1.75.1 thick 26"wide 7.6x 103 ( ,. -) 

3''high 6.3 X HP ( ,.+) 

UB LOx 101(rr - ) 

l.lx !03 (rr + ) 

S3DA same as S3VA or B 1.1 X 10'1(rr - ) 

l.3x 10"( ,.+) 

DB l.4x !0 1(r. -) 

2.6x 103 (;r"') 

~IL'.>. l/4''thick 30''wide 2.9x 10 1( ,. -) 

12"high 3.7x10'1(;r+) 

B 3.0x10'1(r. -) 

2.lx 103 (r.+) 

Table 2.6: Trigger cou nter specifications and the t.vpical counting ra tes in this experiment 
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Figure 2.9: Decay in-flight of 586 !.le\)c kaon. Accepted region for P,=-160 'c.le\)c is also indicated. 

:\1omenta of particles from 3-body decay are represented by the ma.\:imum momenta a\·ailable. 

mass difference (hence small TOF difference) of the two particle spec-ies. _-\dditional particle id entification 

power was pro\·ided by the muon filter. 

The muon filter consisted of an iron block and a scintillation counter (:\ IU) and it literally filtered 

muon contamination in reaction particles using range diffe rences of pion, electron and muon in iron. :\IU 

counter had 2 photomultiplier tubes on both ends (::dt.:.>. and :11\.:B). 

Simulation with CER:'\ program library GEAXT[25J was done to optimize the iron thickness, so as 

to achieve the best muon rejection while minimizing the pion loss. The resultant stopping probabilities 

(here stopping means that the Io.IU counter did not have any hits) of each particle is shown in Figure 

2.10. \\·e decided to use 10 inch-thick iron. The height and width of the iron block were 16 and 32 inches 

respectively. 

2.4 Targets 

\\-e used 2 targets. Beryllium (9 Be) and Polyethylene (CH2 ). Experiment with 9 Be is our main purpose 

of investigating L hypernucleus. CH2 was used to calibrate the spectrometer. Energy resolution and 

momentum accuracy were checked with the monochromatic pf'ak of ~- prodnction reaction [,"- +p -
;:-+7r..,.._ 

The physical dimensions and weights of both targets were mC'asurcd precisely as tabulated below. 

Target Thickness .-\rca. weight 

CH, 2.28-lg/crn2 (2A8cm) 9.98cm horizontal x 9.9/cm \"ertical 227.252g 
9 Bc 3.0-18g/cm2 

( l.63cm) 13.05cm horizontalx -t .92cm \"ertical 195.818g 

Target support was made by a styrofoam. Reactions in the support were completely rejected b~- a 

target fiducial volume selection. 

2.5. TRIGGERS 
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Figure 2.10: Stopping probabilities of -160 'c.le\)c electron. muon and pion in iron (GEA.'\T simulation) 

2. 5 Trigger s 

.-\schematic diagram of the trigger logic is shown in Figure 2.11. 

\\·e used 5 kinds of triggers for this experiment, KB. PIB. Kl.;. PIP! and KPI. .-\11 of these triggers 

were the combinations of simpler triggers KB, PIB 1 KSC.-\T and PISC.-\T, meaning respectively kaon 

beam, pion beam, kaon scattering and pion scattering. \\-e explain each trigger in detail below. 

I. KB trigger 

The kaon beam (KB ) trigger flagged a projectile on the target as kaon. Kaons were selected b~' 

the time of flight between Sl counter and ST counter and vetoed by the Cerenkov counter signaL 

An appropriate amount of delay was inserted to the Sl signal. so that Sl-ST coincidence (who~e 

timing was determined by the ST signal ) selected mostly kaons. The time of flight in nanoseconds 

between Sl and ST of various particles are tabulated in Table 2.7 

2. PIB trigger 

The pion beam (P IB ) trigger flagged a projectile on the target \\·as a pion. Pions were selected with 

the 51-ST time of flight and using the Cerenkov counter signal in coincidence. The trigger timing 

was determined by the ST signal. 

3. KSCAT trigger 

The kaon scattering (KSCAT) trigger, indicated that an outgoing particle from the target was kaon. 

I<aons were selected by the time difference between th€' ST signal and the logical signal SR (S<'(' 

below) and the t iming was determined by the ST signal. SR. was a coin cidence signa l of 52 and 53. 

used to prc\"Cnt misidrntification of an accidental \oincidcnce hetwC'en ST and 52. 53 signal wa~ 

a logical OR of S3G and 530. Til(:' timing of SR wa . .;; dNermin('(l by the 52 signal. .:\otc that thP 

dista.nce between STand 52 was 6.8 nwtt>rs. Tilf' tinw of flight in nanos('conds bctwe('n STand 52 
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~:;~, 
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Figure 2.11: Trigger logic diagram for experimental 887 

2.6 ST.-WI LIT\" OF THE SPECTRO.\IETER .\IAGSETS 

;.Iomentum(:lle \" /c) Time of flight I l\aon~ (usee .) Pions ( n~rc.) :\Iuon:; (nsec.) J Electron~ (nscc.) 

600. 51-ST(-Um) 17.6 1~.0 13.8 I 13.6 

~60. ST -S2(6.8m) I 33.6 23.9 I 23.5 I 22.9 

550. ST -S2(6 .8m) I 30.8 23.6 I 23.3 I 22.9 

Table 2.7: Time difference of I\ ,"· I' and t> for 51-ST and ST-52 

Trigger Prescale factor .\"umber of triggers per spill :\11m her of triggers per spill 

(Without prescalo) (\\"ith prescale) 

KB 4000 5.8xl04 ~~ 

PIB 100000 l.Ox 106 9.2 

[,;!{ I I 15 15 

PIP! 800 7.7x 103 9.6 

KPI 1 !6 16 

Total 6~ 

Table 2.8: Prescale factors and numbers of triggers ( 1\- - .r.-) run 

of Yarious particles for -160 J.feVJc and 550 J.leY/c are tabulated in Table 2.7. 

4. PISCAT trigger 

The pion scattering (PISC.\T) trigger. indicated that the reaction p<uticle was a pion. Pions were 

selected using the time of flight between the ST and the SR. 

The KK. PIP! and KPI triggers were made by the coincidence of KB and KSC.-\T, PIB and PISCAT, 

KB and PISCAT respectively. The trigger timing was determined by the beam trigger, PIB or KB. 

Consequently all of these trigger timing is determined by the ST signal. 

All of the PIB, KB , KK , PIPI and KPI triggers were used for the 9 Be run and th e relative timing 

of each trigger was adjusted within 1 channel (50 ps) by looking at the TDC spectrum of the ST signal. 

The KPI trigger was our main trigger, and other triggers were usC'd for calibration purposes. Hence the 

PIB. KB. I<K and PIP! triggers were prescaled so a' not to increase the computer dead time of the I,;PI 

trigger. Tables 2.8 and 2.9 show the prescale factors and thC' typical number of triggers per spill. 

The KB trigger was used to look at the kaon beam profile. The j,;j,; and PIP! triggers were used for 

the momentum loss correction of each target with the beam through run. The momentum loss correction 

is described in detail in the Appendix D. 

2.6 Stability of the sp ectrome t e r m agn e t s 

The quadrupole magnets (Q6~Ql2 ) and the dipole m<lgucts (02 and 03) have hall probes. 1-\"e peri­

odically (at least once in every 8 hours) checked these hall \'Oltagt•s to maintain constant magnet tields. 

Consequently the momentum deviations throughout thl' C'XpPrimcnt wen• less than ±0.5 ':vle\"fc for both 

the I<aon and Pion spectrometers. 
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I Trigger Prescale factor .\"umber of e\·ents per spill .\'umber of e,·ents per spill 

I (\rithout prescale} (\rith prescale} 

1\8 2000 5.0x10 1 2.5 

PrB ~00000 8.2x105 2.0 

KK 1 9.7x 10-2 9./x 10-2 

PIP I 1 3.8 3.8 

KPI 1 0.39 0.39 

Total I 8.8 

Table 2.9: Prescale factors and numbers of triggers ( I\'- .ii -t-) run 

2. 7 O t h er a pparatu s 

Other apparatus supplied at AGS arc described below. They were u::.ed throughout the experiment to 

monitor the beam conditions. 

1. Secondary emission chamber(SEC} 

SEC is a gas chamber whose output was calibrated to correspond to the number of protons in the 

C' prirnary beam line. 

2. 90-degree monitor 

90-degrce monitor is a small scint illation counter located near the production target in the direction 

of 90 degrees from LESB2 line and was used to monitor the stability of the beam on the production 

target. 

3. Segmented wire ion chamber (S\VIC} 

S\,VIC was located in front of mass slit of LESB2 beam line and monitored the beam profile. 

4. DIBBCK 

DIBBUK is a magnet operating and mon itoring system developed in B)."L , and \vas used to remotely 

set magnet currents and polarities, and also to monitor the magnet status. 

5. HP monitor 

HP monitor (Health Physics monitor} is a thin (1/16 .. } scintillation counter for the purpose of 

radiation safety, located between DXl and Sl to monitor a number of particles comi ng to our area. 

2.8 D a ta acquis ition and on-line monitor 

For each trigger. we read out the drift chamber TDC's. hodoscope TDC's. Cercnkov ADC's and .-\DC's 

and TDC's of all other counters. At every inten·al of the beam spill. we read out the trigger counts 

and all counters' scalers with the CA:\L-\C standard modules. The prescalf'd 1~8. PIB. KK, PIPI and 

l<P l triggers were put into the CA.\L-\C input register in thC' main nate'. \\"c used four C.-\.\fAC crates. 

two llf'ar the spectrometer for the drift chamber TDC, and two in the el('ctronics trailer for tlw countf'r 

ADC , TDC and scalers, one of which was the main data-acqnisition natr. Thr three slave crates wen" 

connected with a branch highway cable to the main crate . 

2.8. DATA .-\CQL"IS/TIOS .·\SD OS-USE .\lOSITO/I 

The data from CA.\L-\C modul<"s arC' r<'ad out b~· minopron•ssor-ba~Pd auxiliar~· cratt~ controllers into 

a dual port memory resident in a \.:\IE crate. The rParlout was controllt~d b_,. a \':\fE-ba::;ed CES .J-11 

microcomputer. and the data were subsequently transferred to a DEC mirro\'.-\X II computer. and then 

to 8 mm tape cassettes. The on-line displays and controls ,,·ere rontroll<'d b~· the micro\'AX II. 

Subsequent data reduction and analysis werP performed on DEC \·a.x and Alpha computers. 

.-\ t~·pical data taking rate in one of the run. together with computn dt'ad time are tabulated in Tables 

2.10 and 2.11. 

Trigger .-\ll events after prescale Accepted {'\'Cilt~ rkad time(%} 

K beam 5.28x!03 ~.85x103 8. 1 

PI beam 3A0x 103 3.10x 103 I 9.1 

I<K 5.3/x 103 ~.85x 103 T 9.7 

PIP I 3.53x103 3.23x103 I 8.5 

KPI 6.03xl03 5A1x 103 I 10 

Table 2.10: Typical data-taking rate of the (l\-,7r-) run. ::\umber of events accepted in RC::\ -ll is 

tabulated 

Trigger All e\·ents after prescale Accepted e,·cnts dead time (%} 

K beam 9.42xl03 9.305x 103 I 1.2 

PI beam 7.73xl03 7.6~ X 103 I 1.1 

KK 368 363 I 1.4 

PIP I l.42x104 IAOx 10·1 I 1.5 

KPI 1.~9x 103 1A6x 103 I 1.7 

Table 2.11: Typical data-taking rate of the ( /\~- ,-;r.,..) run. :\umber of P\·ents accepted in RC':\ 58 is 

tabulated 

The data stored in PDP 11 were accessible from a DEC micro\.AX, where a more complete on-line 

analysis, including track reconstruction and particle identification could be done. 
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Chapter 3 

3.2. THE FIRST PASS 

should be the momentum difference of a particle pas~ing; :-;traight through in the haon and thf' Pion 

spectrometer. For this purpose we srt the both spectromcrers· momPnta at the same \·ahw (GOO 

~[e\"jc) and set the Pion spectrometer angle to 0 degre('. S{'krtinp; I...:I\ or PIP[ trigger. WE' could 

get the momentum loss of kaons or pions. as descrihNI in detail in Appendix D. 

2. CH2 run 

Protons in CH2 were used to obsen·e the pE'ak of the /\·- +p ........ ~- +rr+ reaction. Thf' data 

analysis procedure was the same as E hypernuclear e\'ellts and tiH' resultant monochromatic peak 

in the excitation energy spectru m was used for checking the ~prctrometer energy resolution and 

Analysis momentum accuracy. 

In thb chapter, we describe analysis procedure to deri\'e final results. 

3.1 Overvie w of the analys is procedure 

.-\ running period and total number of accumulated kaons for f"ach run is tabulated below. 

Reaction Running period Effective running time (hou rs ) :\umber of kaons 

(1\-,rr-) in E region 94/5/22 - 95/5/29 133 5.llx 109 

(!\ ,rr+) at P,=438C\leV /c 94/5/30 - 94/6/4 101 3.29x 109 

(K ,rr+) at P ,=460~le\)c 94/6/5 - 94 /6/7 34 9.62x 108 

(J( ,tr-) in t\ region 94/6/27 - 94/6/30 16 4.27x 108 

3.1.1 L hype rnuclear r uns 

\\·e reconstructed momenta and identified part icles of u<-, rr=) events in two steps . 

In the first pass, the drift chamber data were con\'erted to coordinates, tracks through chambers 

\\'ere reconstructed, and particle momenta were determined with 2nd-order transport matrix. The events 

which did not have \·alid hits on chambers were discarded in the first pass. 

In the second pass, pion momenta were re-calculated by using a RAYTR.-\CE program(24], which uses 

the magnetic-field information of the spectrometer magnets. This reconstruction procedure was more 

time consuming compared with the method used in the first pass. but could achie \·e better momentum 

resolution. Energy-loss corrections were then applied to the reconstructed momenta. Also in the second 

pass, we performed incoming kaon identification by using tiH" 51-ST tim e of flight. and outgoing pion 

identification by combining the ST-SR time of fl ight with tlw muon filter information . 

After the momentum acceptance correction and the efficiency calcula.tion. the cross section of the 

missing-mass spectrum was derived. 

3 .1.2 Calibrat ion runs 

1. Straight through runs 

Straight-through runs were done to dcrivC' the momC'ntum lossC'S of kaon and pion in the target 

and other materials in the beam line. The basic idPa is that thP momentum lo:ss in the targl't 

3.2 The firs t pass 

In the first pass. the- data "·ere reduced from raw 8 mm data tapes: hodoscope and drift chamber data were 

con\'erted to the position information. particl£> trajectories were calculated. momenta were reconstructed, 

and bad events \\'ere rejected . 

3.2. 1 Trigger select io n 

First of all, we selected the event trigger type depending on the purpose of the analysi:;. For the analysi;;; of 

E hypernuclear events, KPl trigger was selected. KB trigger \\'as used to kno\\' the kaon beam efficiency, 

and I< I< and PIPI trigger were for momentum loss analysis. 

3.2.2 Hodoscopes a na lysis 

Figure 3.1 shows the TDC spectra of each hodoscope segment. The TDC spectra were fitted with a 

single Gaussian on a run by run basis and the data in ± 2.5 a were tr('ated as a hit of real particle on 

that segment of the hodoscope. Thus, the hit position of the particle in the horizontal direction could be 

determined with the resolution of the segment width (1.95 em). 

3.2.3 Hit p osition of the drift cha mbe r 

.-\.s described before, each chamber had 2 staggered wire la.~·crs for r<'solving the left-right ambiguity. 

)/"aturally, the time summation of 2 wires should gi\·e a constant \·alue for any real particle hits, as 

indicated by the peak in the time-sum spectra shown in Figs.3.-l and 3.5. ~on-constant value in the 

tim e sum is supposed to be the fake signal or a particle coming at large angle. These are considered as 

background and rejected. 

Ha\·ing discarded spurious hits, and sol\'ed left-right ambiguity. w(' converted the drift chamber \\'ire 

number and TDC information to the physical hit position. This <:onversion required knowledge of the 

drift velocity, which was determined by the width of the TDC SJWCtra of the wire signals, assuming that 

the drift velocity is constant within the drift chamber cell."i (sC'P Figs.3.2 and 3.3 for the TDC spectra). 

Considering a wir(' spacing or the drift chambers (see Tab\P 2.3). W(' obtain<'d 0.195 mm/(TDC time 

clock) lor the small chambers (DXl- DXl2) and 0.167 rnm/(TDC time clock) for the big chamb<•rs 

(Dl3, Dl-t and Dl5 ). \Vith this analysis, we got 250Jtlll{a) po~ition rt'solutiou in each chamber. 
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Figure 3.1: TDC spectra of all hodoscope segments 

3.2. THE FIRST PASS 

~ 1800 
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Figure 3.2: Timing signal of drift chamber wires (DX1.-....DX12). Chamber numbf'r 1-12 corresponds to 

DX l~DX12 ,respecti,·el;• 

Efficiencies of individua1 chambers were calculated from the number of hits in each chamber und(' f 

the condition of .. non beam track .. (explained later in Section 3.2.6) and the results are summarized in 

Table 3.1. 

3.2.4 Tracking of a particle 

The tracking was done separately in -l regions. \\"e name these regions as the mass slit area, the upstream 

target area, the downstream target area and the downstream pi area. 

For each region (except for the mass slit area where we had no Y chamber), we fit straight lines 

through chamber hit points, treating horizontal and vertical track scgment!l independently. These track 

segments were used to obtain X. Y, dX/dZ. dY/dZ on the spenromcter focal planes, which were then 

used to reconstruct particle momenta. The track segments wcrf' also used to reconstruct reaction vertex 

in the second pass of the analysis. 

Each area has severa1 chambers as tabulated in Table 3.2 

The track selection criteria in each area are described below. 

I. ::dass slit area 

Since the redundancy in tracking is limited (we only have a hodoscope and a X chamber) while rate 

is high in the ma<ss-slit area. we rejected the event when the hodoscope multiplicity is 2: 2 (,......1 % 

of al l events). The X position of the incoming particle was dNcrmined as follows: 

Case! 

\\"hen both hodoscope and DXl ha.vc hits, we usNI thP position obtained b.Y OX 1. [f there arc 

mult iple hits on DXl, we selectf'd the hit position closest to the hodo:;copc hit position. 

Case 2 

\\"hen hodoscope has no hit. and OX 1 multiplicity i:; Oil<'. Wt' n:;Pd the po:;ition obtained by DXL 
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Figure 3.3: Timing signal of drift chamber wires ( DX13~DX15). Chamber number 13 and 14 is D13X 

and D13Y, 15 and 16 is D14X and D14Y. 17 and 18 is D15X and D15Y. 

Figure 3. -L Time sum of drift chamber layers (DX1.-.....DX12 ) . Chambe r number 1.-.....12 corr<'spo nds to 

DX1~DX 12 ,respectively 

3.2. THE FIRST PASS 

Figure 3.5: Time sum of drift chambe r layers (DX13,......DX10 ). Chamber numbrr 13 and 1-l is Dl3X. and 

D13Y. 15 and 16 is D14X and Dl4Y, 17 and 18 is D15X and D1 0Y. 

De tector name Total events hits=O (%) hits=! (%) hits=2 (%) hits > 3 (%) A verage hits/rvents 

HODO 32661 9.2 90.8 0.0 0.0 0.908 
DX1 32661 6.1 72.8 15.0 6.1 1.211 
DX2 32661 4.0 84.9 9.4 1.7 1.088 
DC3 32661 1.3 86.2 10.3 2.2 1.134 
DX4 32661 0.5 87.9 10.0 1.6 1.127 
DV5 32661 1.5 86.2 10.2 2. 1 1.129 
DX6 32661 0.8 87.8 9.9 1.5 1.120 
DU7 32661 1.6 86.5 9.8 2.1 1.125 

DX8 32661 5 .5 86.1 7.0 1.5 l.OH 
DY9 32661 2.9 84.6 10.1 2.3 1.118 
DX!O 32661 3.5 88.5 6.5 1.4 1.059 
DYll 32661 2.9 84.9 9.8 2.4 1.11 7 

DX12 32661 1.3 89.3 1.7 1.6 1.096 
DX13 32661 6.8 87.2 5.3 0.7 0.999 

DYI3 32661 6.0 89.2 3.0 1.8 1.006 
DX14 32661 3.7 91.3 4.1 0.5 1.017 
DY14 32661 3.9 92.1 2.7 1.2 1.012 
DX15 32661 6.5 83 .6 8.4 1.5 1.048 
DY15 32661 3.3 89.9 5.2 1.6 1.052 

Table 3.1: Drift chamber efficiencies in KPI trigger (RL;:\-l2 ) gated by "non beam track" condition 
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.-\rea names Chambers Posit ion ( em) 

~lass slit Hodoscopes -451.6 

DXI -447.8 

tJ pstream target DX2 -71.9 

0(;3 -67.9 

DX4 -54.7 

D\.5 -50.6 

DX6 -39.3 

Dl:7 -35.2 

PIVOT(FOCCS ) 0.0 

Downstream target DX8 20.6 

DY9 28.1 

DXlO 32.4 

DY11 36.9 

DX12 41.3 

Downstream pi Dl3X 621.9 

Dl3Y 6244 

DI4X 644 .6 

D!4Y 647 .1 

FOCCS 659.5 

DI5X 667.2 

D!5Y 669.7 

Table 3.2: Drift chamber configuration and positions relative to the focus point of the spectrometer. 

3.2. THE FIRST PASS 

Case 3 

\Yh en DXl has no hit and hodoscope multiplicity is one, we assunwd that the particle hit the center 

of the hodoscope. 

In all other ca::;es . we rejected the events. 

2. Other three areas 

These areas have 3 horizontal and 3 vertical chambers except for the downstream target area which 

has only 2 \·e rtical chambers. 

Tracking was done separately in the horizontal and \·crtical direction. and the strategy to get the 

tracks is the same for both X and Y 

\\'e took a hit position on the 1st chamber 1 and drC\\' a st rc-ti ght line to one of the hit positions 

on the 2nd chamber, and then computed the residue bet\\·cen the one of the hit points and the 

calculated position on the 3rd chamber. If there are multiple hits on the 2nd and 3rd chamber, 

this process was repeated for all possible combinations, and the comb ination which minimizes the 

residue is chosen. The residue histograms for selected track segments are shown in Fi gure 3.6. Then 

from the selected 3 points, we obtained a straight line with least-squares fit. 

This process was repeated for all the hit positions on the 1st chamber, so that there could b(• 

multip le track segment candidates for each t racking areas. 

If one of the 3 chamber had no hit , we drew a straight line with all combinations of hi t po::;itions 

on the other two chambers. In this case the number of tracks is th e same a':> the smallest number 

of hits in either chamber. -:Jote that though we did not use these events in further analysis, this 

conditions is useful to know the respective chamber effi ciency (as shown in Table 3.1 ). 

If two of t hem had no hit, we rejected the event' 

After selecting the tracks with the criteria described above. wr imposed a so-called :: redundancy 

cut". Th is cut required that the residue on the 3rd chamber ( i. e., th e difference between the hit point 

and calculated position) should be within ±0.2cm. and was found to be effecti \·e in eliminating particle 

decays between chambers. 

3.2.5 The tracking throughout the sp ectrometer and m o m entum d e t e rmina­

tion 

In the first pass , particle momenta were determined by the tracking information \vith the second-order 

transport matrix of each Kaon and Pion spectrometer. Elements of the transport matrices are shown in 

Appendix A. Here, we describe the momentum determination of the P ion spectrometer ; the momentum 

reconstruct ion of t he Kaon spectrometer was done in a similar fashion . 

l7sing the track segments reconstructed in the chambers, we deduced the X. Y, dX/dZ and elY JdZ at 

the front and rear focal planes of the Pion spectrometer. 

' In the case of the downstream target area which had only 2 vertical chambt'r~. the n•construction procedure was slightly 

different: If both of 2 had at least one hit, we drew a st raigh t line and proc.:ccdt>d normally. llowever, if there was no hit 

on either chamber, we needed a special treatment. In this case, we prepared a transport matrix at the c hambe r position, 

and fed the Y coordinate of the hit into the matrix in order to reconst ru ct the mom<'nl\l!TL Since we cannot direct ly obtain 

dY jd Z in the downstream target area (w hich information is necdf'd to r('co nstruct the rf'actio n \'f'rtex), we took the track 

segment in the downstrPam pi area and traced it hack to tht> downstream target art>a once the moment urn recons truction 

was done, and used the calculated dY / dZ when reconstructing t he vPrtex 
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Figure 3.6: P osit ion deviations (measured - predicted ) on 3rd chambers on each area. In the case of no 

hit on 3rd chamber. events were accumulated at +0.5 em 

3.3. THE SECO.\"D PASS 

Csing these values, we det.NminC'd thP momentum rei<ltin' to tlw cPntralmomPntum (bP/ P) by soh·ing 

the following 2nd-order polynomial l"qu ation with respect to t,Pj P ,,·ith thP :\C'''·ton methods. 

X' C(X' / XJ x .\" + c(x' /8) x e + C(X' f(oP/P)) x oP/ P 

+C(X ' / X 2 J x x' + C(X' /( XB )) x x x 8 + C(.\"' ;e') x e' 

+C(.\"'jY2
) x l"2 +C(X'/(l"<;>)) x l" x <;>+C(.\"'/o') x <;>2 

+C(X' /( XoP/ P )) x x x oP/P + C(X ' /(Bf< P/ P )) x ex ~PIP+ c(x ' f(oP/ P)') x oP', 

\vhere C () are the transport matrix coefficients for each element. x· is the horizontal position at the 

front focal plane. X. Y, B=dX/ dZ. o=dY/d Z are the horizontal position. \"ertical position, horizontal 

angle and vertical angle respecti,·ely at the rear focal plane. 

Csing the momentum derived as abo,·e and dX / dZ. Y. dY/dZ at tlu~ rear focal plane. we pr('dicted 

the dX/dZ. Y. dY /dZ at the front focal plane with the transport ma.trix. From the difference between 

the predicted and the measured values, reduced \ 2 ,,.as calculated as follows. \vhich was used to check 

the goodness of the overall tracking in the Pion spectrometer: 

where (JdX /dZ · (Jy and (JdY/dZ were determined by fitting the residue distributions(Figure 3.7) with 2 

gaussians . As shown, resid ue d istribu t ions have narrow (good tracks) a.nd wide (falsf' tracks) compo nents, 

and we use the standard de\' iations of the narrow components to calculate the \ 2
. The values are 

<7dXjdz =3.1 mrad. <1y = 0.20 em and <1d\""/dZ = 11.7 mrad. For those which has no measured dY /dZ 

values such that only one Y chamber hit in the dmvnstream target arC'a. dY /dZpred - dY / dZ meas was 

set to 0 and x2 was divided by 2 instead of 3. In case there are multiple track-segment candidates, 

we computed the x2 for all combinations, and selected the combination which gave the bes t x2 value. 

Figure 3.8 is the x2 di stribution for a typical (I<- ,rr-) run. ln the first pa.:;s. \ 2 was cut at 100 for rough 

select ion of good tracks. 

3.2.6 Event summary of the first pass 

Events selection sum mary of the first pass is tabulated in Table 3.3. [n the table, the "beam track' refers 

to the condition where track segment candidates were found both at the entran ce and exit of the Kaon 

spectrometer. The "non beam track"' refers to the condition where track ~cgments candidates were found 

in all 4 tracking areas. 

3.3 The second pass 

In the second pass, we recalculate pion momenta using the R . .\ YTI1 .-\CE program, reconstruct react ion 

vertex . and identify in coming I< - and outgoing rr-. 

3.3.1 Accurate pion momentum determination 

The second o rder transport matrix is not adequate to know momenta of part iclC's shifted over ±5% from 

the cen tral momentum. Thus , RA YTRACE program was usC'd to soh'C' th is problem. RAYTRACE 
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Figure 3.7: dX/ dZ , Y and dY fdZ deviations fo r the(!\· - .7r -) run. Fi tt ing was done with 2 gaussians . 

Cut applied: non beam track, redundancy cut and target \·cr tC'X cut. 

3.3. THE SECOSD P.4. SS 

Trigger £ ,·cnt s~,~ IC'ction Events 

.-\ 11 1085337 

KB t rigger Beam track 925731 

9 Be(I{- ,rr -) run 
RPd undancy cut 821 913 

.\11 1408500 

I<PI trigger :'\0 11 h 0<tm t rack 278909 

R edundau c ~ · Cll l 137529 

.-\11 180123 

KB tr igger 13t~am t rack 153738 

9 Be{J{ - .1r ~) run at 438 ~!e\)c 
R 0dund a ncy cu t 137463 

.-\ 11 26608 

KPI trigger \"o n lwam track 14935 

Rcdundanc ~r cut 7354 

:\11 98356 

KB trigger Bea m t rack 85441 

9 Be(K - ,rr+) run a t 460 ~ le\)c 
Rerlund ancy cut 7<!405 

.-\11 478 1 

KPI trigger :\on hC'am track 2502 

Redun dancy cut 1235 

_-\11 37603 

K B trigger 13C'am t rack 31489 

9 Be(I< - ,rr-) '(Be run 
Redundanc ~· cut 24963 

.-\11 305155 

hPI trigger ::'\on beam t rack 92552 

Redundancy c ut 3<!056 

Table 3.3: Event summary of the first pass for each run conditio n as for KB and I<Pf Lrigger. This 

presents how many events were survived through each event selection. 
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40 45 

,. 

Figure 3.8: Reduced x2 for the({(- ,r.-) run. Cut applied: non beam track. redundancy cut and target 

,·ertex cut 

program adjusts the momenta and the trajectories of particles to minimize the de\·iations of Y, dY/dZ 

and dX/dZ using the magnetic field map of the Pion spectrom€"tC'r. .-\fter this correction, the reduced 

x2 distribution is improved{ see Figure 3.9 compared with Figu re 3.8). \rc selected x2 :S 5.0 a'> the good 

pion tracks as indicated in Figure 3.10. 

3.3.2 Target vertex cut 

The target is placed at the spectrometer pi\'Ot (Z=O). By extrapolating the incoming kaon and outgoing 

pion tracks onto the target, we reconstructed the reaction \·enex for each event. The distribution of the 

reconstructed vertex positions for the 9 Be(A.'- ,rr::t:) runs are shown in Figs.3.11- 3.13. Selected vertex 

regions are also indicated in the figures. 

:\ote that in Figure 3.11. no particle identification was imposed on the outgoing particle while in Figure 

3.12 electrons and muons were rejected. The background in the vertex distributions. Z-distribution 

in particular, is clearly reduced after particle identification. This i:; because the kaon in-fiight clcca.\' 

backgrounds are suppressed by the electron and muon reje>ction. 

The Z-\·ertex distributions in Figures 3.12, 3.13 wcrr fittrd with :2 gaussians plus a li near background 

to see the vertex resolution (sec figure:; 3.1-l, 3.15 ). Tlu:~ n.•s ultant width of Z vcrtf'X was 1.7 em in R.\fS. 

Deconvoluting thC' real thick ness of the target of 1.65 rm, \\'{' obtain(•d th e \·ertex Z resolution to lw 2 em 

in F\I"H:II. 
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Figure 3.9: Reduced x2 distribution of the {I\- .rr- ) run after adjusting the pion momenta with RAY­

TRACE program 

3.3 .3 Incoming f{ - identification 

Although kaons were selected by the fiight time at trigger len•!. the KB trigger may ha\·e some pion 

contamination since there are an order of magnitude more pions than kaon s comi ng down the beam line. 

Such pions could be easily rejected based on the time of flight informa tion from Sl to ST, as shown in 

Figure 3.16. As shown, the pion contamination in the KB triggrr is lP:-iS than l %. 

3.3.4 Outgoing 1r- ide ntification 

The most severe backgrounds in our experiment arc in-flight 1\· - dC"cay products. For the convenience, 

we tabulate the branching ratios of the relevant I< - decay mode. 

Decay mode Branching ratio(%) 

ii-71"-ii+ 5.j9 

7r-rr0 rr0 1.73 

l" - v,,1r0 (K1, 3 ) 3.18 

r - v, 1r0 (K,,) ~.82 

To illustrate the contribution of the g - decays to our background, \VP :; illlulatcd /\· - decay:; using 

the GEA\"T program under the following condition:-;: 

1. The number of generatrd kaons was lOH 
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Figure 3.10: Selected region for good track e\·ents in x2 dist ributions of both {J\~ 1 ii±) run 
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Figure 3.11: 9 Be target vertex image in the (b:- ,1r-) reaction. Cut applied:K beam TOF {described in 

the next section ). x2 and the ot her 2 \'Crtices cut. 
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9Be target images in the (K- ,n: -) reaction with e/!J. cut 
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Figure 3.12: 9 Be target vertex image in the ( A·~ . ii-) reaction. Cut applied: K beam T OF , .x 2 , other 2 

\·ertices cut and muon electron cut (cut conditions of K beam TOF and ttfe selection will be described 

in nex t sect ion). 
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Figure 3 .13: 9Be target vertex image in the (1\"-.r.-) reaction. Cut applied:K beam TOF (described in 

the next sectionL x2 and other 2 vertices cut. 
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Figure 3.1 -L Z vertex distribution of the (K-.r.-) reaction in Figure 3.12 was fitted with 2 gaussians 

and linear background. Function used to fit is Plxexp{-0.5{Z;;f2 f) + P4xexp{-0.5( 2 ;;;5 f) + P7 + 
P8xZ. 
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Figure 3.15: Z \·ertcx distribution of the (!,· - .t. -r-) reaction in Figure 3.13 was fitted with 2 gauss ians 

and linear background. Function used to fit is Pl xexp( -0.5{ 2 ;;f2 )') T P4 xexp( -0.5{ 2 ;;;5 )2 ) + P7 + 
P8xZ. 
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2. The decay \"C'rtices were required to be inside thP targ<'l r('gion. 

3. Only thC' charged decay products entering the effect in• area of th<' drift chamber DX12 were recordC'd. 

The momentum spectra of the positi,·e- and negatin•-charged dPray products are shown in Figure 

3.17. together with the momentum acceptance range of tlw present experiments . 

.-\s shown, electrons and muons from in-flight Ke3 and [\-113 decays can cause background in 9 Be( K - ,rr - ) 

reaction in :S region . .\'ote that there are no decay-pion contribution to our data. except for the low­

momentum edge of the Pl'r = -l38 ':-.Ie\"jc setting of the;; ...... :spectrum. 

In order to reject electrons and muons. we measured TOF between STand SR. whose time spectrum is 

shown in Figure 3.18; all event selections (1r- beam rejection. tracking \ 2 and ,·ertex) have been applied. 

In calcu lating the flight time, the path lengths of the particles were taken into account and corrected . .-\s 

shown, the 7r-JL-e are not \Vel\ separated. due to the small T.-J.L tim(' difference. 

\\'ith the help of the muon filter: we can el iminate muon~. \\.hen a hit was recorded in the ).lt; 

coun te r, we assumed that a muon penetrated the muon filter ion. and rejected the e,·ent (see the ).lC 

counter TDC spectrum in Figure 3.19). \Yith the muon rejection. the ST-SR TOF spectrum clearly 

exhib its two peaks of e lectrons and pions. as shmvn in Figure 3.20. \\'e accept the events from 5000ps to 

7000ps i:l."> the pion. \\'e also show in the figure the result of a 2-Gaussian deconvolution. Based on this 

fit, we estimate that the pion loss due to the time of Hight cut is about 3%, and electron contamination 

in the pion sample is about 5%. 

3 .3.5 P oss ible backgr o und pass ing t hro ug h t h e second pass 

After all event selectio n described up to now, we still have background. These backgrounds are classified 

in 2 categories. One is the non-target related background and comes from a I< - decay at the target 

region. The other is the target related background and comes from the reaction of incident k.:ton o n the 

target nucleus. 

Non t a r ge t re lated bac kgr o und 

[n the Z vertex figures of the (K- ,1r±) react ion (Figs. 3.12, 3.13, 3.14, 3.15, note that data shown in all 

these figures have passed the event selection by now. ). there arc constant background below the target 

images. Since we took the empty target data for both(/\·- ,rr±} runs. we overla~·ed them on the 9Be data 

with the same event selection (Figure 3.2L 3.22 ). Empty data are multiplied so as to compare with the 
9 Be target data with the same number of incident kaons. This factor for the(!\·- .rr-) empty run is 10.1 

and for the(!(- .1r+) empty run is 10.8. 

.-\s clearly seen from these figures, constant background underneath the target profile is not target­

related e\'ent. It should be in-flight [(- decay background. Thus the non-target related background is 

completely eliminated by subtracting empty target data from the 9 I3e data. 

T a rget r e lated backgr o und 

).'[ain background sources of the reaction of kaon o n thf' target nuc\C'us arc h-o decay of t he charge 

exchange rf'a.ction g - + p - !{ 0 + n. and 1\' - deca.y of tht..• h-- ~~lastic scattering. 

:\[ontc carlo simulation of both of the g- ela.-;tic sca.ttf'ri ng and l\·-+p- h-0 +n were done usiug thP 

existing g--:-.: data[28][3-t] considering the Fermi motion of nucl('us in 9 13e. 
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Figure 3.17: Simulated momentum distribution of the decay products from 586 ).le\.fc [\·-, \vhich 

enter the effecti\·e area of the drift chamber DX12. Cpper figure shows the momentum distribution 
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Generated numbers of kaon is 108 . The decay vertexes are required to be inside t he target region. 
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Figure 3.18: Pathlcngth-corrccted time of flight from ST to SR with the target vertex and x2 selection 

7i+'s or 7T-'s from the decay of 1( 0 make flat momentum distribution o,·er whole momentum region 

acceptable to our experimental setting (see Figure 3.23). These ;r-'s and rr-·s cause the same amount of 

background in both (J< - ,1i±) reaction. Looking at the cross sect ion spectrum of the(!<- .7i .,...) react ion 

(Figure -1.10 in the next Chapter), amount belO\Y EE (excitation energy) < 0 :..Ie\· should come from 

!(0 decay background. Thus averaging the cross section of the (R: - .;r+) reaction from EE = - 20 :.ric\· 

to EE = 0 ;.[eV, we get 2.9±1.7J.Lbarn/sr/2:.IeV in the excitation energy for contribution of J\·o decay 

background. This is also true for the(!-\ - ,IT-) reaction. 

As for the A" - elastic scat tering, acceptable amount of decay products from 1\· - is 1/-! of IT - from /\" 0 

decay. ~Iainly these particles a re electrons and muons. and ftatl~· di!)tributed in those momentum. Thu s. 

contribution of the A"- elastic scatteri ng supposed to be less than 1 p.barn /s r/ 2:..1e\· in the excitation 

energy spectrum of the(/\· - ,IT -) reaction. 

3.3 .6 Even t s umma r y o f t h e second pass 

Event selection summary of the second pass is tabulated in Table 3. -L 

3.4 Overall Effic ie ncies 

3. 4 .1 K ao n b eam re la t ed e ffi c ie n cy 

1. Kaon decay bNwcen ST and the target 

Kaon beam was defined at the scintillation counter ST lwforP thP targf>t.SincC' ST is sPparaU'd fro111 

3. -J. 0\ERALL EFFICIE.\'CIES 
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Figure 3.19: TDC distribution of the ~IC counter [9 Be(J\ - _,--)run]. Selocted region as mu on is indicated 

in the bottom figure 
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Figure 3.20: Pathlength corrected time of fli ght from ST to SR wi th the target vertex and x2 selectio n. 

and muon elimination. Solid line: 2-Gaussian fit (P l xexp( -0.5 ( -' ;;{2 f) + P4x exp( -0.5{ X ;;;5 ) 2 )) of 

electrons and pions . 
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Figure 3.21: Target Z vertex in the (I< - ,1r-) reactio n. Em pty target data {dashed) is overlayed on the 
9 Be data (solid ). Gpper fi gure is the same one in Figure 3.11 , and lower is in Figu re 3.1 2. In bot h figures, 

em pty data are selected with the completely same cri teria as 9 Be data. Empt~· target data are multiplied 

by 10.1 times so as to compare with 9 Be data with the same num ber of incidf>nt kaons. 
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Figure 3.22: Target Z vertex in the (1<- ,1r+) reaction . Empty target data (dashed ) is overlayed on the 
9 Be data (solid ) . Figure is the same one in Figure 3.13. In this fi gu re, empty data are selected with the 

completely same criteria as 9 8 e data. Empty target data are multiplied by 10.8 times so as to compare 

with 9 Be data with the same number of incident kaons. 
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9 Be(K- .,.-) in the.\ region 

CH.-\PTER 3. ASAL\"S/5 

Event Selection ::\umbers of C\'ents 

All 136290 

K beam TOF cut 135981 

TargE"l ,·enex cut 

y 2 cut 

'-lu TDC cut 

Pion TOF cut 

All 

I< beam TOF cut 

Target vertex cut 

y 2 cut 

.~II 

K beam TOF cut 

Target vertex cut 

\
2 cut 

All 

I< beam TOF cut 

Target vertex cut 

y 2 cut 

38924 

21251 

16516 

12060 

7377 

7374 

3802 

3018 

1238 

1237 

715 

573 

33245 

33145 

9530 

5778 

Table 3.-l: Event sum mary of the second pass for each run cond ition as for I..: PI trigger. \-umber of events 

indicates how many e\·ents were sun,.h·ed through the en'nt selection. 

3.~. 0\.ER.-\LL EFFICIESCJES 

the targE"l in 26.7 em. a certain fraction of kaons dPca~· lwforP rC'aching the targN. DPLail will be 

described later in Section 3.-l.-L 

2. Pion contamination in the kaon beam 

\\'e know how many pions are in the KB trigger from thE' anal)·sis of the time of night between the 

Sl and ST. Then the actual number of kaons in the kaon beam scaler counts can be estimated. 

Typically pion contaminations is less than 1 % in this expcrintC'Ilt.. The run by run basis kaon beam 

counts efficiencies are tabulated in the third column of Tablt• 3.5. Thf' total scalf'r counts of the 

kaon beam multiplied by these efficiencies were used for thf' actual number of kaons which cam€' 

down on the target. 

3. Effective number of kaons for f(r. reactions 

Because the horizontal widths of the cxperimE>ntal targets (9 Bc[13cm \vide] and CH2 [10cm widej) 

are smaller than the kaon profile (±7cm), some of kaons in thf' peripheral region may miss th€' 

target. This can be corrected by comparing the kaon profile at the KB trigger and the KPI trigger 

at the target position. Kaon beam profile (KB profile) was shown in the previous chapter in Figure 

2.6. The kaon horizontal profiles for KPI e\·ents (KP! profile) is shown in Figure 3.24. The actual 

procedure to determine the effective number of kaons wen ... ; 

Looking at the I<PI profiles. we defined the width of the target image as -7cm to 6cm for 9 De. 

and -5.5cm to 5.5cm for CH2. Then we counted the number 011 the KD profile histogram inside thP 

defined regions. \Ve took as the kaon beam efficiency the ratio of this number to the total number 

in the KB profile; the efficiencies were found to be 96% for the 9 Be target and 90% for the CH2 

target. 

3. 4 .2 Compute r d a t a - taking e ffi cie n cy 

The data-taking efficiency for the KPI trigger was calculated from the scaler counts of the KPI trigger 

with and without the computer busy signals. The run by run basis KPI event "live time" {data-taking 

efficiency) is tabulated in Table 3.5. 

3 .4 .3 Drift c ha mber a nd tracking e ffi cien c ies 

1. Tracking efficiency 

The tracking efficiency was calculated from the each chamber's efficiency gated by :.~on beam 

track" condition (already tabulated in Table 3.1) and tabulated in the fifth column of Table 3.5 on 

the run by run ba5is . 

2. Redundancy cut 

Since tracks within ±2mm were accepted by the redundancy cut. while the chamber resolution was 

200J.Lm, we ignored the correction due to the redundanc~· cut. 

3. x2 cut 

F igu re 3.25 compares the tracking x2 d istribution with the y 2 distribution of degree of frecrlom :::: 

3. As shown. the distribution is fairly well rep rC'sent('d by thC' y2 function. and we assume that 

the tracking y2 distribution for true events arC' indeed rf'JW<'S<•ntc>d by the \" 2 (d.o.f::::3). Coder this 

assumption. we estimated the event loss to be 0.02CX. for thl' \ 2 cut at 5. 
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Figure 3.2-l: Kaon horizontal profiles in I<PI events on bot h 9 De and CH2 target. Event selection is the 

same as the final results. 
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Figure 3.25: x2 distribution of degree of freedom= 3 (solid !inC') with our experimental reduced \ 2 data 

(histogram ) 

-L Vertex cut 

As can be seen from Figures 3.11 ......., 3.13, X andY vertex cut do not lead to any event loss. \\ "e only 

need to consider the Z vertex cut efficiency, which was e\·aluated by fitting the vertex distribution 

with gaussians as shown in Figure 3.1-l. About 95 % of events were in the selected vertex region. 

3 .4.4 Kaon 's a nd pio n 's d ecay correc t ion 

Kaon's and pion's survival probability is eval uated by the following equation: 

L 
P'"' = exp(- 3·

1
cT) 

where Lis the pathlength. f3(v/c) the particle velocity. -y=l/ J!- 32 c light velocity, T particle life time. 

Csing the pathlengt hs and the velocities of t he actual e\·e iHS we calculated the survival probabili ties 

(see Figures 3.26 and 3.27). For kaons, the pathlcngth \vas evaluated from the hit pos ition at STand the 

target. For pion. that was derived from the t ransport matrix. 

Then we estimated decay correction factors taking the nlC'an ndues ar.; tabulated below. Errors due 

to this estimation are less then 1 % for kaon decay and about ±5 % for pion decay. 

correction factor 

l\aon 0.95 
9 Be(I\ ,ir ) in th e [region 0. 78 
9 Bc(f\ ,1r+) P ,=438~le\ 'jc 0.7G 

9 Be(f\ .rr l?- 13e 0.81 
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K- Survival Probability 
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Figure 3.26: Survival probability of incoming kaons between ST and the target estimated using the 

experimental data. 
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Run .-\ctual Kaon in kaon scaler 1\:Pll'\'Cnt Li\'e tim(' Tracking cffici{'IICY 
9 Be(!\ ,;r ) 

I 
37 0.994 0.862 0.349 

in the ~ region 38 0.994 0.910 

I 
0.580 

39 0.995 0.918 0.593 

41 0.990 0.897 0.542 

42 0.994 0.916 0.594 

43 0.992 0.913 0.592 

-14 0.995 0.922 0.550 

45 0.994 0.919 OA87 

46 0.991 0.905 0.581 

47 0.992 0.9\0 0.575 

-18 0.992 0.911 0.595 

49 0.993 0.915 0.601 

50 0.994 0.935 0.619 

51 0.994 0.930 0.616 

52 0.992 0.922 0.60-1 

53 0.994 0.948 0.613 
9 Be(J\ , .. +) 57 0.992 0.979 0.595 

at P,- = 438 ':.le\"jc 58 0.993 0.983 0.611 

59 0.993 0.987 0.591 

60 0.997 0.996 0.546 

61 0.994 0.989 0.669 

62 0.890 0.971 0.573 

63 0.992 0.989 0.581 

64 0.993 0.987 0.612 

65 0.973 0.989 0.589 

66 0.992 0.989 0.597 

67 0.994 0.988 0.590 
9 Be( fl' -,;r+) 76 0.990 0.989 0.610 

at P ,+ =460':.le\"jc 77 0.994 0.983 0.627 

78 0.995 0.985 0.575 

79 0.992 0.986 OAOO 

80 0.994 0.981 0.548 

81 0.995 0.986 0.562 

82 0.996 0.986 I 0.522 
9 Bc(l\ ,r. ) 149 0.994 0.888 0.451 

in the .\ region 150 0.994 0.888 0.461 

!51 0.994 0.879 0.485 

!56 0.954 0.882 0.45-1 

Table 3.3: The run by run basis event C'fficienci(•s . .-\nual numbc·rs of kaons in the kaon scalt.• r counts 

(Section 3.-1.1.2), the live time of KPI evC'nts (Section 3.-1.2 ) and tht.~ tracking efficiency (Section 3.-1.3.1) 

3.~- 0\ERALL EFFICIESCIES 

3.4.5 Summary of efficiencies 

.-\ vcrage \'alue of each efficiency is tabulated below. 

[-; decay I h: beam K on target I Li\'C' tim(' I Tracking \'ertcx 7i decay Total 
9 Be(I\ •" ) 0.95 0.99 I 0.96 I 0.92 I 0.39 0.95 0.78 0.36 

in [ region 
9Be(I( ,rr-) 0.95 

I 
0.98 0.96 

I 
0.98 I 0.59 0.95 0.76 0.37 

at P,=438 \,[eV/c 

•IJc(I\ ,rr+) 0.95 0.99 0.96 I 0.98 I 0.57 0.95 0.77 0.37 

at P,=460 "':.le\"jc 
9 Be(!( ;n: ) 0.95 

I 
0.98 0.96 

I 
0.88 I 0.46 0.95 0.81 0.28 

in .\ region 

From another approach . we also derived the analysis efficiency. ~Iontf' carlo simulation of r.; - decay 

products in the 9 Be(I\-.7i-) reaction at PC':"= -\60 ).Ie\ )c wNe perform('d to compare the empty target 

(I\ - ,iT-) data. In the s imulation. accepted A'- decay products at tlw target region were 407 electrons 

from Ke3 1 338 muons from KJ.1.3 1 10 pions from iT - iT0 iT 0 deca~· and 11 pions from 7i-7i-7i+ decay for 5xl08 

kaons . Total number of accepted decay products is 766. On tlw other hands. in the empty target data 

which has the same number of incident kaons as abo\·e simulation. accepted e\'ents at the target region 

considering the vertex resolution showed in Figure 3.14 are 333. \\'e deriH• analysis efficiency for tlw 
9 Be(I\"-,7r-) reaction at P, = 460 "),[e\'(c as 0.43. 



Chapter 4 

Results 

Here we present the excitation energy spectra of the 9 Be(T\· - .r.-) reaction in the .\ region and the 
9 Tie(!\· -, 1!'±) reac tions in the~ region. The procedure to ge t the final spectra are; 

l. The excitation energy calculation 

From the momenta of incident kaons and outgoing pions . and the scattering angles of pions, the 

excitation energy of the hypernucleus is calculated for each reconstructed event. 

2. The momentum acceptance correction 

The excitation energy spectra are then corrected for the momentum acceptance of the Pion spec­

trometer, as described in the Appendix C. 

3. The cross sect ion derivation 

:\umber of counts in the acceptance-corrected excitation energy spectra are then converted to the 

cross section using the number of kaons, the number of target nuclt>i. the angular acceptance of the 

pion s pectrometer (see Appendix C) and the overall efficiencies. 

4.1 Definition of the excitation energy 

The definition of the excitation energy (EE) is 

EE = (-' lass of hypernucleus) - (:I lass of system of the residual nucleus and a hyperon), 

so that bou nd states would appear in the EE < 0 region . 

Excitation energy of hypernucleus is calculated as follows: 

EE 

1Where 

Efl = EK + .\£,9 , - Ec 

jEf/ 2
- Pf/- P~ 2 + 2Pf.:P~ cos Bscltt- _\[fl 

PK = PK - Ploss 1,· 

P~ = P, + PLo.ss, 

P K and P,. ; .\!omentum measured by the spectrometer 

Plo.s.c;K and Ploss,. ; .\!omentum losses of g - and 71"± 

EK and Ell" : Total energies of K - and 7r ± 

GO 

~.2. CROSS SECTIOS 

:\1 191 : R <'~L ma-;s of the targC't nucleu!:i 

Eu : Total energy of the hypernuclcus 

:\Iu ::\[ass of the system of residual nucleus and a h~·pNon with tlw binding en<'rgy = 0 

EE : Excitation f' nergy of the h~·pernucleus 

:\"uclear and particle masses used for analysis are tabulated below. ::'\uclear Illabscs were taken from 

··The 1993 ATO:Il!C :II.~SS E\.ALL~TIO:\ .. [26] and h_,·pcron ma."''' were from Review of P article 

Properties [27]. 

:llass (:l le \ )c~) 

9 lle 8392.8 
8Be 7454.9 
8 Li 7-171.-l 

.\ 1115.63 

I:+ 1189.37 

J::O 1192.55 

:<:: 1197.-13 

4.2 Cross section 

Cross sec tion was calculated from the following equation: 

4.3 

,where :\(data); 

:\ (kaons); 

:\ (tgt); 

<; 

.~cc; 

:\ (data) 
Cross-section(Jlb/sr) = :\(kaons) x :\ ( tgt ) x, x -~cc 

I\ umber of events in the spectrum 

X umber of kaons accumulated 

X umber of target nucleus per J.Lbam 

Overall efficie ncy 

.-\ngular acceptance(sr) of Pion Spf'ctrometrr 

9Be(K- ,1r - ) data in the A region 

4.3.1 Backgro und r ej ection 

.-\s shown in Figure 3.17, the main background to the .\ prod uctio n region are pions from K - ___, 71"-71"0 

decay and muons from g -_ J.L-V. These events ha\·e the st rong C""O rre latio n between the excitation 

energy and the scattering angle (see Figure 4.1). 

\ Ve can see from Figure 4.1 that the fL - v decay docs not PnH'rge in the EE > - 2Q}.[e\" region. However, 

the 71" - "iTo decay can cause the background around EE = 0 .\[(>\ .. which \\"C' rejected by reconst ructin g the 

missing 1r0 mass from momenta of ka.on and pion, and the piou scattering angle assum ing g -___,7r-7r0 

decay kinematics. T he reconstructed missing ma')S s pPctrum is shown in Figun• -1.2: the result of a 2-

Gaussian fit to the missing mass spectrum around thE> 7!"0 mass sho\\"s rha.t tlw absolute energy scale is 

accurate within 0.3 .\leV. 
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Excitation energy vs . Scattering angle (A region) 
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Figure 4.1 : Excitation energ~· vs f{r. scattering angle of the 9 Be(J\- - .7i-) reaction in the.\ region. 
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4.3 .2 Systematic e r rors for the 9
1Be cross section 

\\"e tabulate below the systematic errors for the cross st•nion duc to Sf'\"C'ral corrections. The total error 

indicated at the bottom of the table were calculated by assuming that all error sources could be added in 

quadrature. Since the systematic errors change the overall scale of the cross section but indi\·idual data 

points in the spectra, the rrror bars in the spectra pre::;ented hereaftPr reflect statistical errors only. 

Correction systematic error 

I<aon decay correction +1'1.: 

-0% 

y 2 cut -rlO% 

-0% 

Pion decay correction ±5% 

Angular acceptance ±10% I 
~!omentum acceptance ±20% 

Total +25% 

I -23% 

4 .3.3 Excitat ion e n er gy s pectrum 

The excitation energy spectrum of the~ Be is shown in Figures -1.3. -1.-l and -1.5. Figure -1.3 is a spectrum 

obtained after the all event selections were a pplied. Figure 4.-l is a spectrum where correction of the 

Pion spectrometer momentum acceptance on the spectrum in Figure -1.3 is applied. Also the acceptance 

curve used is plotted in the same Figure -1.4. The reaction cross section was calculated as a function of 

excitation energy and plotted in Figure 4.5. 

In these figures, the EE (excitation energy)= 0 ~[c\· is the.\ production threshold and EE > 0 ~le\· 

represents the A unbound region. 

Two big peaks are clearly seen arou nd EE = 7 ~Ie\· and EE = 19 ~Ie\·. Also a small peak is visible 

below the A production threshold (EE = --7 ~le\" ) . For comparison, we show the ~Be data taken at 

CER:\ in Figure 4.6([1j[29JI39JI40j). ;.iote that their data were taken at 0 degrees at P K = 720 'c. leV /c 

(shown in Figure -1.6). 

In the CER:\ data. three peaks were also obsen·ed at EE = -7 ~le\". EE = 6 ~le\" and EE = 17 

\Ie\" The peak positions are almost the same as in our result. Hence we assume that the three peaks 

found in our spectrum are of the same configu rations as those found at CER:\. Then. the assignment of 

the three peaks are as follows, 

1. EE = -7 \le\· 

The ground state of ?-Be of the configuration {p~/)n) .s, / 2 (.\)), where P3/2 (n) denotes that there 

is a neutron hole in the p3 ; 2 orbit and s 1; 2 (.\) denotes that the .\ is in the s 1; 2 orbit. Similar 

notations will be used hereafter without further notice. From the emulsion data. the ground state 

energy is known to be EE = -6.71±0.04 ~[e\"[35). 

2. EE = 7 ~de\" 

Tho substitutional (P3/2 (n),p3 / 2 (.\)) state. Tho 9 Be(p.d) pickup expcrimcnt((48JI-10]) indicated 

that the p312 neutron-hole state is distribuwd in man~· len'J:.. on a 8 Bc core. The ones with large 

spectro~copic facLOrs are at 2 :\[e\· and 18 :\!PV Pxcitation <>nergics. to which a.\ can couple to 

~.3. 9 BE( K- ,.,.-) DATA IS THE.\ REG/OS 
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Figure 4.3: Spectrum of of 9 Be{J<-,7r-r~ne react ion as a function of excitation energy(EE). The vertical 

<Lxis is number of counts per 2 ~leV. EE = 0 ~le\· is .I production threshold. EE > 0 \le\· represents 

the .\ unbound region. 
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Figure -l.A: Acceptance-corrected spectrum of of 9 Be( K - .ii - )~ Be reaction as a function of excitation 

energy(EE). The vertical a.xis is number of counts per 2 \[e\". Acceptancf' curve used is indicated in solid 

line. EE = 0 YleV is A production threshold. EE > 0 \[e\- represents the.\ unbou nd region. 
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Figure 4.5: Cross section plot of 9 Be(I<- ,7r-)~Bc reaction as a function of excitation energy{EE). Cor­

rection of the spectrometer momentum acceptance was applied. EE = 0 \[e\· is ,\ production threshold. 
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Figure -L6: ~Be data obtained at CER:\ [1] . Horizontal axis is the excitation energy with the same scale 

as our data. Vertical axis is number of counts per 2 ~de\·. These data were taken at P /\. = 720 }.·Ie\"fc 

and Pion detectio n angle a t 0 degree. 

-U. "BE(!\- . ..--) DATA IS THE~ RECTOS 

form a ; Be hypernuclcus. The peak at EE = I \Jp\ .. is considt•n•d to han• a 3 \[t·\· Pxcitcd con• 

coupled with a .. \ in thP substitutional p3 ; 2 o rbit. 

3. EE = 19 :de\· 

The substitutional {P;/2 (n) .p3 ; 2 (. \ )) state . .-\.\is couplt•d to tlw p3 •2 neutron-hole state in core 8 Be 

wi th 18 \Ie\· excitation energy. In addition . there should be contribution from the substitutional 

{s~1~(n) .. s 1; 2 (. \ )) state. taking into accounts the separation energy difference between P3/:? and s1 ·2 

neutrons. 

Because it is impossible to distinguish the resonance pE>aks from the .. \ quasi-free continuum, w(' 

cannot discuss each peak qualitatively. Instead. we deduce the total stn•ngth of .. \ production (bound + 
continuum) by summing up the contents in the spectrum. The summed region was from EE = -10 \IeV 

to EE = 75 ).Ic\' because there must be no .\ production bf>low tlw ground state (EE = -.... -7 \Ie\' ), 

beyond EE = 75 \le\· where the production of ~0 start::;. the.\ contribution cannot be ::;eparated from 

the :::: strength. but it should be relatively small. Then we obtained the energ~·-i n tegrated cross section 

to be 273\J±251 (statistical )~~~~(systematic ) 11b/sr considering background from decay products of [\"0
. 

f{e3 and f(JJ. 3 decays and loss due to ir- cut from g - --+7.0 ;r -

Let us now calculate the effccti\·e neutron number (:\rff), which is defi ned as; 

da dafre. 
dli(O) = .Y,n(O)~(O) 

where dCT:~··,. (B) is the elementary cross section of A· - n- A;r - reaction in the free-s pace at the reaction 

angle of e. 
The elementary cross sections were taken from the data of Hepp et al.(3-lJ. At p~b. = 596 \Ic\'jc. 

the J( - n --+Ar.- cross section of t he forward angle (cosO = 0.950 in th e center of mass [c .m.] system) 

is 0.587±0.150 mb/sr in c.m. (in the laboratory system. it is 1.291 ±0.330 mb/sr). Then the effecti"e 

neutron number is 2.12±0.58~g:~~ - Bertini eta!. evaluated the effccti\·e neutron number from their .\ 

hypern uclcar data at CER:\[40]. For ~Be, t hey obtained 1.5±0.-l at P 1< = 720 ~[e\ ' /c and 1.6± 0.5 at P" 

= 790 MeVjc, where they used 0.95±0.13 mb/sr(c.m. ) as the cross section of the elementary process. 

In the (/( - :rr) reaction, the effective neutron number becomes less than the actual neut ron number 

in the nucleus because of the meson absorption and can be evaluated by the distorted-wave impulse 

approximation(D\VIA). Boussy calculated the effecti\·e neutron number for various nuclei with the shell 

model (see Ref [42] and references therein ). Also '-lotoba ot al. calculated the number for ~ Be at P" = 
720 '-leV /c with the alpha cluster model[-!3] . \ \"e tabulated the experimental( our data and CER:\ data) 

and theoretical results below. 

Exp. ThPor~· 

Ou r data CER:\ data shell model alpha cluster model 

P " (:V[eV /c) 586:\<[eV /c 720'-leV fc 790'-l••\)c 720:\<leV fc 
:\,n(4o) :\,n(Oo) :\,n(Oo) :\, n(Oo) :\ ,JJ(Oo) 

2.12±0.58~g ~ .. 1.5±0.-l 1.6±0.-1 1.8G 2.18 

4.4 9Be(I(- ,-rr+ ) data in the ~ region 

4.4 .1 Excita tion ene rgy spectra 

The excitation energy spectra of the 0 Be(J{ ·,, +) reactio ns (P, = 438 '-le\)c and P , = -!60 '-leV/c) 

a re shown in Figures -l.7 and -l.S . Figure 4.7 is raw spect ra obta in (•d in this Pxperirnem. VVe applied 
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Figure -1.7: Excitation energy (EE) spectra of the 9 Be(I\ -,rr+) reactions at P~ = 438 'c.le\'fc (upper 

spectrum) and P , = ~60 'c.leV /c (lower spectrum). The vertical axis is number of counts per 2 'c.le\'. EE 

= 0 'de\· is the~- production threshold. EE > 0 ~le\' is the~- unbound region. 

correction of the spectrometer momentum acceptance to those spect ra and got the spectra shown in 

Figure -1.8. Also the acceptance curves used are plotted in Figure -1.8. Here. EE (excitation energy) = 0 

J.Ie\· is taken at theE - production threshold and EE > 0 J.fe\· is the~- unbound region. 

4.4.2 Background rejectio n 

:\s shown in Figure 3.17, the only possible background source is the,.- from K -- -rr + -rr-rr - for the P:r 

= -4.38 ).[c \ "jc runs . For the P:r = -160 J.[eVjc runs. the 1\".rr:l pions arf' outside of our acceptance. hence 

the spt:>ctrum should be free of background. 

Csing the empty target run, we subt racted the dPca_v-pion contami nation in the spectru m. The Pmpty 

target run wa.-; analyzed with the same e\"CHt se lt~ction criteria as was applit•d to th(' 9 I3e target run. Thf'n 

the number of cou nts in the EE spectrum was convened to the cro:-;s section as if there wa<:. a. target, so 

that the data is properly normalized to the 9 I3c targe-t run. 
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Figure -1.8: .-\cceptance-corrected spectra of the 9 Be(!{ - _,. ...... ) reaction as function of excitation energy(EE) 

at P ~ = 438 :'de\'jc (upper spectrum) and P c = 460 ~leV fc (10\,·er spectrum ). The vertical axis is number 
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Figure 4.9: 9 Be(I< - ,r.+) excitation energy (EE) spectrum (solid) o,·erlayed on the empty target spectrum 

(dotted). EE = 0 ::VIeV is the E- production threshold. P, = 438 ::VIe\' (c 

\Ve show in Figure 4.9 the empty-target spectrum superimposed on the 9 Be(J(- ,ii+) spectrum. 

4.4 .3 System at ic e rror for t he cross sect ion 

As war; done for the ~Be case. we summarize below the systematic errors of cross section evaluation for 

the 9 Be{I\- ,r.±) spectra. 

Correction systematic error 

Kaon decay correction + 1% 

-0% 
\'2 cut +10% 

-0% 
Pion decay correction ±5%; 

Angular acceptance ± 10% 

.Yiomentum acceptance ±20% 

Total +23CX 

-23% 

4.4. "BE(!\ - .rr ~) OAT.-\ IS THE~ REG/OS 
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Figure 4.10: Cross section of the 9Be(K-,~t+) reaction as a function of excitation cnergy(EE). Upper data 

was taken at P, = 438 ::Vle\"jc and lower data at P, = 460 :'vle\"jc. EE = 0 '.leV is theE- production 

threshold. EE > 0 :VIe\· is the E- unbound region. 

4.4.4 C r oss section s as functio n of excitat ion e nergy 

The cross sections as function of excitation energies of both P, = 438 '.le\'(c and P, = 460 ::Vle\"jc are 

shown in Figure -1.10. 

The energy-i ntegrated cross section of L- production was dcri\·ecl by summing up the spectra (P1r = 

438 :'vle\i(c) from EE = 0 :'vlcV to EE = 80 cde\·. Then we obtained 837±39~i~i l"b/sr. Contribution 

of background from K 0 decay in this region (0 :'vie\· < EE < 80 :'vi<•\') is 116±68 IJ.b/sr. Finally we got 

741±78':-~~i tLbjsr for the integrated cross section. In order to calculat<' the effective proton number, 

we need the elementary cross sect ion of K - p__,L -7i+ . .-\s for this cross section we used our own result 

measured with thP CH2 target (seP .-\ppPndix B). The same anal.\·si:; proc('dure was applied to determine 

the elementary cross section. The effective proton numbC'r was dPCiuccd as 1.18±0.1--1. which should b(' 

free of systematic errors of cross section evaluation. 
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Figure 4.11: Excitation energy (EE) spectrum of the 9 Be(I(- ,r.-) reaction in the ~ region. The vertical 

axis is number of counts per 2 fvleV. EE = 0 :.\leV is the L 0 production threshold 

4 .5 9Be(K- ,1r - ) data in the B region 

4. 5.1 Excitation e ne rgy spectra 

The excitation energy spectra of the 9 Be{I<- ,11-) reaction in the I: region are shown in Figures -l.ll and 

4.12. Figure 4.11 is raw spectra obtained in this experiment. \\'c applied correction of the spectrometer 

momentum acce ptan ce to those spectra and got the spectra shown in Figure 4.12. Also the acceptance 

cu rves used a re plotted in Figure -l.12. Here, EE (excitation energy) = 0 .\[e\" is taken at the threshold 

of 2:0 production, which lies 13.3 :.\leV below the ~+ threshold. EE > 0 :.\Ie\· corresponds to the E0 

unbound region. 

4.5. 2 Background r ej ection 

.\lost of the I\- decay background was eliminated by using the analysis procedure described in the 

previous chapter. However, there still remain some electron and muon backgrounds due to insufficient 

time of flight resolution and to the muon filter inefficiency . .\[arcover the deca.Y pions from !{ - -tr-tr0 -rr 0 

cannot be separated from pions of the hypcrnuclcar events. 

Thus W(' used the empty target run to subtract thcst> remaining backgrounds . .-\s before, the empty 

-1.3. "BE(J,· - .rr -) DATA IS THE~ REGIOS 
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Figure 4.12: Acceptance-corrected spectrum of the 9 Be(J\--,7r -) reaction as function of excitation ener­

gies(EE). The \·ertical axis is number of counts per 2 .\Ie\·. Acceptance cur\'e used is indicated in solid 

line. EE = 0 ~leV is the E0 production threshold 
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Figure 4.13: 9Be(J\- ,,-)excitation energy (EE) spectrum (solid) o,·erla)·ed on the empty target spectrum 

(dotted). EE = 0 :VlcV is the _o production threshold 

run was analyzed with the same procedure as was applied to the 9 Be target run, and the number of 

counts in the spectrum was converted to the cross sect ion as if there was a target. 

\Ve show in Figure 4.13 the empty target spectrum superimposed on the 9 Be{J\·- ,1r-) spectrum. 

4.5.3 Systematic error of the cross section 

The systematic errors on the cross section are tabulated below. 

Correction systematic error 

Kaon decay correction + 1% 

-0% 
x2 cut +10% 

-0% 
Decay correction ±39t 

Angular acccptancf' ±10% 

.\[omentum acceptancr 

Total 

±20o/c 
+259( 

-23% 
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Figure -1.1-L Cross section of the 9 Be(I<- ,;r-) reaction as a function of excitation energy(EE). Data was 

taken at P, = 460 ~leV fc. EE = 0 ~leV is the E0 production threshold. EE >0 ~le\' is the E0 unbound 

region. Production threshold of E+ is at EE = 13.3 ~le\·. 

4.5.4 Cross section as function of excitation e ner gy 

Figure -!.14 shows the 9 Be(l\'-,;r-) cross section as a function of excitation energy. The spectrum 

exhibits a large cross section in the EE < 0 :\Ic\· region due mostly to tlw tail of.\ production continuum. 

To obtain the energy-integrated cross section of L0 and L..,.. production, we attempted to subtract this 

.\ component . by assuming that the .\ tail can be f'Xtrapolatf'd into thC' ~ region as a tail of Gaussian 

function. The region of the histogram from EE = -.35 ~le\- to EE = -a :de\- was fitted by a Gaussian 

to evaluate the A contribution in the EE > 0 ::\leV region {sec Figure -1.15) . \\"e show the A-subtracted 

spectrum in Figure -!.16. Since the subtraction procedure as presented above is purely phenomenological 

and can involve a large systematic uncertainty. we assign tlw upper limit of the cross section supposing 

A tail contribution can be described as a linear function (sec Figure --1:.1 7). 

The energy integrated cross section summi ng up the spC'ctrum from EE = 0 ).I(•\' to EE = 80 ::\leV 

was derived as 1273±53:::~~~ J.Lbjsr. Contribution of background from l\·o decay in this region (0 ::\[e\· < 
EE < 80 .\le\") is 116±68 JLbjsr. Thus we get 1157±86::::~g~ Jlb/sr for thr integrated cross section. 
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tail was assumed to be a tail of Gaussian (see Figure --!.LJ ). \"<'rtical and horizontal a.xis definitions are 
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Figure 4.17: 9 Be(J\ - ,1r -) excitat ion energy (EE ) spectrum in the 2:: rC'gion . j \ continuum tail is assumed 

to be described as a linear fun ction. EE =:: - 30 .\Ie \· to -5 .\Ie\" data was used for fitting (solid lin e) . 

The dashed line is the extrapolated lin e of.\ continuum in the 2::: rC'gion 

Chapter 5 

Discu ssion 

5 .1 Comparison with the previous d a ta at CERN 

The differences in the experimental conditions bet\\"een the CER\ 9 BC' cxpE'ri ment[l ] and the experiment 

are tabulated below. 

Present expC'rimPnt CER.'\ E'xperiment 

Reaction (£\" -" ) 
!{ - momentum 586 '.!e\ "jc 720 ~de\"jc 

1r- detection angle oo 
.\[omentum transfer to 2::: 0 118 '.!e\"jc 129 '.lc\"jc 

The momentum transfer is one of the most important factors in order to compare the' hypernuclear 

spectra. \Newill discuss about the momentum tran sfer here. 

The CERX experiments utilized the spect rometer SPES 11 to analyz<' the momenta of pions. This 

spectrometer can detect pions in the angular acceptance from 0° to 6° and its mean angle is 3 degrees at 

the forward angle setting(l ]. On th e other handsl pion scatteri ng angle accepted by our Pion spectrometer 

placed a t ~o is 115 mrad (6.5 °) in mean with 100 mrad (6") F\\"!Dl (see Figure 5.1). Thus the momentum 

transfers to L 0 (at 2:: 0 production threshold) for ou r and the CER\ experimems are calculated using 

those mean angles (6.5" for us and 3" for CER:\) and shown in the above table. The difference of tho 

momentum transfer between our and the CER~ experiment is 10 .\fc\" jc. 

However, the momentum transfer varies as a. fun ction of thE' excitation enNgy as shown in Figure 5.2 

for the present experiment. Thus in order to compare the who!(' spectrum, we must know this dependence 

for both our and the CER.\'" experiment. \\"e made simulations assuming gaussian distributions of the 

incident/\" - momentum (see Figure 2.7) and l<1r scattering angle. Parameters used for simul at ion are 

tabulated below and results are shown in Figure 5.3 for ou r expNiment and in Figure 5.-l for the CEH.:'\ 

experiment. Because \Ve couldn "t know the actual scattering anglt' distribution of t he CEH..'\ experiment. 

we assumed it is a gau ssian which rises from 0° and take:-; a rna.'Ximum at 3° . 

Pg Bl\·rr I 
mean 0" IJI ('an 0" I 

Our experiment 586 \!c\"jc 3% 6 - (> 

·" 2.6° FigurC' 5.3 

CER:\ 720 '.le\ "jt- 3% 3.0" 1 - o . J Figure 5.4 
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Figure 5.1: K1r scattering angle distribution of 9 Be( /\"- .1r - } reaction in the ~ regio n. Event selec tions 

applied are the same as those to derive the spectrum in Figure --1. 11. 

5. !. CO.\IPA RI SO.\" \\ 'JTH THE PRE\'JOC'S OAT.·\ AT CER.\" 
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Figure 5.2: .\!omentum transfer vs. excitation energy of the ~ ilc{f\· - .r. - ) reaction (Experimental data). 

EE = 0 ~Ie \· is the L0 product ion threshold. Spect rometer momentum acceptance is not corrected for. 
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Figure 5.3: Simulated momentum transfer vs. excitation energy of the 9 Be(f\- - ,7i-) reaction for our 

experiment. EE = 0 ).le\" is the L 0 production threshold. Gau::;sian distr ibutions for incident [,·­

momentum {mean = 586 )..Ie\ijc. a= 3%) and l\.7i scattering angle (mean = 6.5°, u = 2.6°) were used. 

)..!omentum acceptance of Pion spectrometer was not assumed 

5.1. CO.\IPAR!SOS \\"JTH THE PRE\"/Ol"S D.\T.\ AT CERS 

Simulation for CERN experiment 
::;-100 
<!) 

::;: 
-;:: 80 t 0> 

~ r <!) 60 

( c 
0 

~ 40 ·u 
u; 

20 t-
0 -

-20 ~ 
c 

-40 r 
c 

-60 I 
[ 

-80 f r 
-100 t 

0 50 
~ 

200 250 300 100 150 
Momentum transfer (MeV/c) 

Figure 5.-l: Simulated momentu m transfer \'S. exci tation encrg~· of tht> 9 Be(J<- ,-rr-) reaction forCER::\ 

experiment. EE = 0 :YleV is the L0 production th reshold. Gaussian distribut ions for incident /( ­

momentum (mean= 720 1Ie\"jc, cr = 3%) and K 1r scattering angle (mean= 3.0°, a= 1.5°) were used. 

~[omentum acceptance of P ion spectrome ter was not assumed 
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Figure 5.5: ).lornentum t ransfer vs. excitation energy plot. Simulated results for our experiment (contour 

plot) is superimposed on the experimental data (dot). EE = 0 :-lc\· is the 2: 0 production th reshold. 
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Figure 5.6: Comparison of the simulated momentum transfer \'S. excitation energy between ours and 

CER:\"'s. EE = 0 :.Ole\· is the ~0 production threshold. Boxed plot i~ for our experiment and dotted plot 

forCER:\. 

Simulation for our experimental setting reproduces the experimental results (see Figure 5.5). 

Comparing the simulated results {Figure 5.6), we can see that the momentum transfer for our ex­

perimental setting is 10 ....... 15 ';..Ie\"jc smaller than that of CERX"s in the \\..-hole range of tht? excitation 

energy. 

In the region of the excitation energy where we are interPstcd in, i.e. from EE = 0 ').leV to EE = -tO 

:..~leV, the momentum transfer is thus around 100 )..fp\"jc. rr shapP of the excitation energy spectrum in 

this region comes from the quasifree production of L, 15 ).le\"jc difference in the momentum transfers 

between both experiments is too small to exhibit a significant diffcrC'nce in the shapes because this value 

is adequately smaller than the nuclear fermi momentum. On the othrr hands, if narrow structures in thP 

CER:\' spectrum are substitutional states such as the excited stat<'S of~ Be, in our experiment those states 

must be enhanced and never suppressed because of smaller monwnt um transfer. Thus it is meaningful 

to compare our spect rum to CER~'s directly. 

In Figure 5.7, we re-plot the CER:.; 9 £Jc ~ hypernuci<'<u dnta , SIIJH'rimpo~cd on our present result 

with an arbitrary normalization. The horizontal scale of thr CER.\" data was shifted by -25-1.7 ).le\· to 

convert the hypernuclear mass to the excitation Pn('rgy scalr. 
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Figure 5.8: 2 Gaussians and linear background fit of CER:\" narrow pC'aks in the region of EE = 0 ).leV 

to 10 :lie\·. 

Our data agree \\"ith the CER:"i data remarkably well from EE = -20 :lie\' to EE = 80 :\;le\" except 

for the dip around EE = 17 :VleV in the CERS data. \"ate that our data have about ten times higher 

statistics than that of the CER:\ data, and that our energy resolution (F WH:Il = 4.2 :lleV) should be 

adequate to resolve narrow (f "' 8 \le\') structures if there is an~·-

To see how the spectra obtained at CER:'\ is changed with our cuC'rgy resolution if two narrow peaks 

exist, we fitted the CER~ data with 2-Gaussians and linear background in the region of EE = 0 to 

30 ).fe\· (Figure 5.8). Then in Figure 5.9, obtained two peaks ar<" convoluted with 4.2 ).leV resolution 

assuming 3 .\IIeV resolution for the CERX data. The two peaks should be clearly seen with our energy 

resolution if the narrow peaks are real. 

Considering discussion of the differences in the experimental srtting, we can thus conclude that there 

are no two narrow peaks, but there exists only a broad bump. in th<" region of the suggested E hypernuclear 

states. 

The 9 I3e(/(- ,7i+) spectra {both in Figure -L 10) show no obvious :-.trunurf' neither in the bound nor in the 

unbound region. Since there is not much strength in the bound region. \\'(>may qualitatively conclude that 
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Figure 5.9: Convoluted CER.\ two peaks with our energy resolution (-L 2 :\le\") [dotted line] superimposed 

on our 9 Be(I\· - .rr-) data. Our data has no indication of narrow peaks. 

5.3. CO.\JPARI SO.\" \\"JTH .4 QL".-\51-FR££ PIC'TL"RE 

thrrc is no strongly-attractiYe ~~nucleus potPntial for this sy~tPm. In ordt•r to quanti[~- thi~ ('O!Klusion. 

howe\'er, a detailed D\\-1.-\ calculation of the ;r..,... spectrum i~ nt•t•dPd. and is strongly awaited. 

5.3 Compa rison with a q u asi-fr ee picture 

As shown abo,·e. no apparent structure was found in either of the 9 0(•(1\" - _-;;--)and 9 Be{l\. ,rr+) excitation 

energy spectra in the~ region. Let us see if the obsen·ed continuous spc•ctra arc compatible ,,·ith a simple 

quasi-free picture. Chrien et al.[-1-lJ emphasiLrd the importance of proper calculation of the quasi-free 

continuum spectrum a nd they found that the simple quasi-fret' pictur(' rlesnibes the pre\·iousl~· reportP(J 

~ hypernuclear spectra on 12 C, 16 0 . 6 Li and 'Li remarkabl~·. 

Here we adopted the quasi-free model introduced by Gal([23][45J). in which the quasi-free shape ran 

be expressed in the following form. 

f(T ) pmE J )i"dDP E = --, lv(q - p -. 
2rr- 4rr 

where T~ is the~ kinetic energy. mr: is the~ mass. pis the~ momcmum. q is the momentum transfer 

and lj; is the momentum-space wave functi on of the struck nucleon. The assumptions used to derive thi~ 

form are. i) g- , 7r and L are described by plain \\'aves. ii) :\lomentum dependencP of the el€'mentary 

cross scct i on {K~\-L7r ) is small. iii ) .:\Iomentu m transfer to hyperon~ is constant. 

The wave function is normalized as J lv(p)i2dp /(2rr)3 = I so that get j0~ f(TddTE = I. If a 

harmonic oscillator \\'a\·e function with an oscillator parameter b is u~ed for tJ. the above distribution can 

be expressed in an analytica] form as follows; 

VVhen a L is produced on a nucleon in the s shell, 

f (T ) = mEb [ -b'(p-q)'- - b'ip~qi'J 
r: 7rl/2q e e , 

\\.hile when a L is produced on a nucleon in the p shell. 

This model has 3 parameters , which arc the harmonic oscillator parameter b, energy separation 

and spectroscopic factor of each state in the residual nucleus. ThC' b parameter represents momentum 

distributions of nucleons in the target nucleus. The energy separation determinf's the hyperon quasi-free 

production threshold from each state. The spectroscopic factor is the effecti\·e number of nucleons \vhich 

participate in the quasi-free reaction. 

\Vc will use these quasi-free shapes, and compare them with the observed spectra. To demonstrate 

Gal 's quasi-free fo rmalism, we calcula ted the quasi-free spC'ctra of prC'viously reported L hypernuclear 

data obtained at B:'\L[Il j {Figure 5.10) and CER:'\[9)[10) (Figure 3.11). As seen from Figures 5.10 and 

5.11, these quasi-free shapes adequately describe L hypemuclear spectra. 

These expressions give essen tially the same resu lts as donC' by ChriC'n et ai.f·.t-1] (tlteir calculation 

includes full momentum dependence of:\([(- ,1r)l:). 

5.3.1 (!\ - ,-rr+ ) reaction on 9B e 

In this reaction. a E- is produced on one of the four pro tons in vi3P. In the shell- model picture, two of 

the protons are in the P3 / 2 state and the other two arc in the s 1 , 2 stall'. For the b parameter. \\'('took b:::::: 
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Figure 5.12: Calculated excitation energy spect rum (solid line) of t he 9 De( J\·- .1r+) reaction with quasi-fref' 

assumption (on detailS 1 see text) su perimposed on ou r data. b = 1/ 105 (). JeV/c)- 1 and the spectroscopic 

factor ratio of s- top-state proton is taken to be 1:2. \'crtical normalization is arbitrary. 

1/1 05 ( ~le\'fc)- 1 , derived from the 12 C(e, e'p) 11 B experiment [46J and this value is known to reproduce 

proton momentum distribution in 12 C. As the binding energy difrercncc bC'tween sand p states, we used 

JO~leV. This value was taken from the 9 Be(p, 2p)8 Li pickup experinwntJHIJ50JI5!J. The 9 Be(e, ep) 8 Li 

experimentJ53J J54J showed the participant number (spectroscopic fact or ) of protons in s 1;2 and P3/' are 

0.74±0.0-l and 1.40±0.05, respectively. Thu s we take the ratio of the rf'action participant protons in s 1; 2 

and 1'3;2 as 1:2 

The calculated result is compared with arbitrar~· normalization to our data. 

As shown in Figure 5.12. the quasi-free model does not reproduce the data at all. The observed 

spectrum at the I: threshold is less steep, and there is a significant diffrrrncE> in shape at higher excitation 

region. Our data is not reproduced even if we change the ratio of .s and p contributions, because ou r 

spectrum peaks around EE = 20 )..le\·. The calculated spectrum cannot have a maximum at such a high 

excitation energy . 

A better agreement may be obtained by changing the b parauwter. For example, Figure 5.13 shows 

the case with b = 1/ 120 (:VleV/c)- 1 , with the same s top ratio of 1:2. Although the threshold rise can 

be made less steep, the model cannot represent the data either. 

The agreement would be better if we used smaller b paramewr. However, such small b parameter 

values are unrealistic since the momentum dist ribution of p~holP state mPasured in the 9 [3e(e, c'p)8 Li 

experiment[53] indicates that the b parameter can never bf> smallf'r than 1/105 ().leV jc)- 1 • 

Therefore. we conclude that the quac; i-free model cannot rPproduce the observed spectrum. Tht> 
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Figure 5.13: Calculated excitation energy spectrum (solid line) of the 9 Be(f{- .rr-) reaction with quasi-free 

assumption (on details, see text) superimposed on our data. b = 1/ 120 (:\le\' fc)- 1 and the spectroscopic 

factor ratio of s- top-state proton is taken to be 1:2. \·ertical normalization is arbitrary. 

5.3. CO.\IPARISO.\" 1\"JTH .{ QL-ASI-FREE f' ICTC"RE 

diffe renc-e in the threshold beha\·ior, i.e .. tht~ slow rise of tiH' no:-.s ~Per ion a._-.; a funrtion of the excitation 

energy. may be an indiration that the~- - nucleus potential b n•pulsin• for this sy!;tem. 

5.3.2 (!-: - ,,. - ) reaction on 9Be 

Since the Fermi-averaged ~-r- production cross section is about 7 tinws smaller as compa red to the :::0 cross 

section at P K = 600 ).Ie\"jc (see F igu re 2.2), we assume that the continuum is composed of qu&;i-frec 

~0 production on one of the fh·e neutrons in 9 Be. In the shel l-rnod(•l language, there are three neutrons 

in the P3 /2 state. and two in the s 112 state .. -\lternati\·e l~ - in tlw cluster-modPI picture. 9 Be ronsists of 2 

a clusters plus a neutron, hence there arc four neutrons in the two o clusters. and onC' p-sta.tC' neutron 

outside. 

The spectroscopic factors were measured in the 9 Be( p. d)si3P rx:pcriment [-l8J[-i9], which found two 

dominant peaks. separated by about 16 ).Ie \". with an intensit~· ratio of / (most loosel.v bound) /(18 

).[e\' excitation) ....., 1 : 2. It is also known that there are s 112 hole st rength at 27 :\[e\· a.bo\"e the most 

loosely bound neutron [50][51] . In our quasi-free model. we included thP s 1; 2 neutron hole ~trength with 

the same intensity as the loosely bound neutron, assuming the spN·t rosropic factor ratio in a cluster 

is the same as that of protons in the cluster (as described lwforP. thr ::.pect roscopic facto r ratio of s 112 

and P3/2 is 1 2). Thus we took the spectroscopic factor raw of thr neutron hole states as s(27 ).Je\' 

excitation): p(18 :I leV excitation ) : p(loosely bound)= 1 : 2: I. The b parameter was taken to be 1/105 

().Ie \ 'fc)- 1
. The resu lt is shown in Figure 5.1-l. compared with our data (with .\ tai l subtraction). As 

shown, the model cannot reproduce the observed spectrum: in particular. there is a large deficit around 

EE = 10 :lle\·_ 

If the spectroscopic factors of the most loosely bound neutron could be arbitrarily made large , the 

calculated shape would be similar to the observed spect rum. I-lowen;• r, as noted abo\"e. til e (p,d) neutron 

pickup experiment shows that the neutron hole intensity ratio of p(loosely bound) : p( 18:\ le \' excitation) 

is~ 1: 2. 

In addition. we know that t he two dominant peaks of~ Be at EE = 6 :lie\· and EE = 17 :lleV are the 

substitut ional state on the loosely bound p312 neutron and neutron in the alpha cluster respect ively, and 

the strength is larger by about a factor 2 for the 17 :\<Ie\· peak. This also suggests that the contribution 

of the most loosely bound neutron cannot be made arb itrarily large' . 

Thus, clearly, the quasi-free picture cannot be a good repre~e nt.:tti on of our data. and more theoretical 

studies are needed to understand the 9Be(/\"-, 11±) spectra. in thf' ~ region. 

5.3.3 Conclusion from quasi-free picture 

It is interes ting that the (I< - .11 -) and the(/{ - ,1r+) reaction on 9DP S('C'm to imply t he opposite tendency 

in [ -nucleus interact ion. In the (I<-:rr -) case, it is rather attracti\"e. while in the ( K -,rr+) case, it may 

be repulsive. The similar tendency can be seen in the 4 He L h~·pt•rnndeus[l 6][19]. The bound state of 

t He was found in the (I< - ,rr-) reaction. while no stru cture in the(!\·- .r._,..) case. This is interpreted 

as the effect of isospin te rm (Lane term ) in the L-nuclucs potential [l i J. [n the 1He(J<- ,rr+) case. only 

T=3/2 slate can be populated, though the '1He( K -,,--) reaction can populate both T=l/2 and T=3/2 

states. The microscopic four-b ody calculation made b_v Harada rt a!. .sho,ved E-nuclucs potential is 

attractive in T=1/2 and rPpulsivc in T = 3/2 due to the strong isospin dt>pcndencc. A light system such 

as"' He is not isospin-satu ratf'd and those tendC'ncies arc> ob\·iously "C'l'H. ThP same thin g may be true for 

the 9 Bt·( /\·- ;rr=) reaction due to the o-clu:;tering nature of 1 B(•. :\!on.' tlH'oretical st udy should be needed 
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Figure 5.14: Calculated excitation energy spectrum (solid line) of the 9 Be(/\" - .rr - ) reaction with quasi-free 

assumption (on details. see text) superimposed on our data. b = 1/105 ('.Ie\)c)- 1 and the spectroscopic 

factor ratio s:p(l8 :\leV excitation):p(loosely bound)=1:2:1. \·E'rtical normalization is arbitrary. 
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Chapter 6 

Summary 

\Ye performed 9Ue(/(- ,rr±) experiments to study L hypernuclei using the two focusing type spectrometers 

at AGS of B:\L. 5x 109 kaons for the (K- ,7i-) reaction and -lx 109 kaons for the(!\·- .7i+) reaction were 

incident on 9 Be target. Especially in the 9 Be(K-,7r-) reaction, we collected 10 times higher stati::itics 

than the previous CER7\ E:>xpe rimcnt. \\"e also obtained the decay background-free unbiased spectrum 

for the first time in theE hypcrnuclear experiment with in-Aight {A"- ,rr-) reaction. 

In particular, the present (1< -,;r-) spectrum shows a clear evidence that there are no narrow i:Be 

peaks as reported previously by an experiment performed at CER::\[1]. Instead, the spectrum is a rather 

structureless continuum. Differences of our experimental setting and CER\'s \\·ere examined in detail 

and \\'e conclude that there are no narrow E hypernuclei on 9 Be. 

The shape of the continuum, however. cannot be explained by a simple quasi-free model. and more 

theoretical works are needed to better understand the obsen·ed data. 

The 9 Be(I<- )iT+) spectrum showed no structure either. Comparison of the observed spectrum with 

the quasi-free model indicates that E-nucleus interaction in this case may be repulsive. Here again, more 

theoretical studies are needed in order to quantify this conclusion. 

In this experiment, the most promising narrow L hypernuclear structures disappeared. 

Summarizing, \ve believe that the present high-statistics data should prov ide a sound basis for further 

theoretical studies of E hypernuclei. 
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Appendix A 

Transport Matrices 

The transport matrix was calculated by TR..-\2\SPORT program[55] \\·ith the measured magnetic fields 

and aperture dimensions of all the magnets. The resultant matrix elcmenLs are shown in Table A.l and 

Table .-\.2. 

100 

Coefficients Kaon spectrometer Pion ~pectrometer 

X'/X -1.28800 -1.00000 

X'/8 -0.02188 0.00000 

X"j(6P /P) 1.42000 -2.61400 

x-;x•x -~.529£-02 6.830£-02 

X'/X*8 -6.868£-03 1.801£-02 

X'/8*8 -2.583E--O~ 1.202£-03 

X'/Y*Y -9.735£-02 -3.505£-02 

X'/Y*¢> 1.201£-02 1.0-17£-03 

X'/1>*<1> -3.730£-04 9.5.19£-06 

X"/X*(6P/P) 9.684£-02 1.556£-01 

X'/8*(6P/P) 8.163£-03 2.049£-02 

X"/(6P /P)*(6P /P) -1.780£-02 2.379£-02 

8'/X -25.42000 -14.98000 

8'/8 -1.20800 -1.00000 

8'/(6PjP) 17.36000 -19.59000 

8'/X*X -~.409£-01 ~.995£-01 

8'/X*8 -6 .552£-02 1.333£-01 

8'/8*8 -2.432£-03 9.007£-03 

8'/Y*Y -1.008£+00 -3.638£-01 

8'/Y*¢> L2nE-01 5.98-!E-03 

8' /1>*1> -3.866£-03 7.148£-05 

8' /X*( 6P /P) 1.165£+00 1.19600 

8'/8*(6P/P) 9.00~£-02 1.51-lE-01 

8'/(6? /P)*(6P /P) -2.779£-01 2.381£-01 

8' Offset 1.7 

Table .-\.1: 2nd order transport matrices for kaon and pion spectrometer. X'. v· , 8' and¢' are measured 

values at front focus. X, Y, 8 and ¢>are at rear focus. L is path length. X. Y. Z, L are measured in em. 

8=dXfdZ and o=dY/dZ in mrad and 6P/P in% 
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102 .\PPE.\"01.\ . \. TR.-\SSPORT .\/ATRICES 

Coefficients Kaon spectrometer Pion :spC'ctromf'ter 

Y'/Y 0.1-1090 LOOOOO 

Y'/<P -0.05710 0.00000 

Y'/X*Y L138E-01 -9.652£-03 

Y)O*Y 9.254£-03 -LO-IOE-03 

Y'/X*w -7.045E-03 -L-l29E-O-l 

Y)O*d> -5.709£-0-l -L908E-05 

Y)Y*(8P /P) -L258E-01 -L329E-01 

Y'/d>*(8PjP) 7.193£-03 -2.39-!E-3 

Y' Offset 0.19 

tp'/Y 22.28000 109.00000 

¢'/¢ -1.93-100 1.00000 

¢'/X*Y 1.30-IE+OO -1.38000 

1>'/0*'i L06 7E-01 -L8-l2E-Ol 

1>'/X*w -8.092E-02 -5.925E-03 

tp'/0*¢ -6.509£-03 -L039E-03 

¢"/Y*(8P /P) -L611E+00 -2.17500 

1> /¢*(8P/P) 6.408E-02 -L280E-01 

¢'Offset -3 .9 

L'/X 1.95900 

L'/0 0.261-10 

L'/L 1.00000 

Lj(8P/P) -0.06356 

L'/X*X -3.509E-02 

L'/X*O -8.003E-03 

L'/0*0 -L024E-03 

L'/Y*Y -6.261E-01 

L'/Y*<P - L209E-02 

L'/¢*o I -L196E-O-l 

L' /X*(8P /P) -3.1-liE-02 

L'/0*(8?/P) I -L5 6E-03 

L'/(8P /P)*(8P jP) I -L?OOE-02 

Table :\.2: 2nd order transport matrices for kaon and pion sp!'ctrometer . (continues) 

Appendix B 

CH2 data analysis and spectrometer 

energy resolution 

Energy resolution and absolute momentum calibration of the Pion spC'ctromrter were examined with a 

monochromatic pion from the reaction p(f\ - ,~r - )l:::- on a CH2 target. The excitation energy spectrum 

is shown in Figure 8.1 , where the energy scale is defined so that the ~ + peak is at EE = 0 .\le\· . ..-\ 

small background around the L peak is due to quasi-free z:::- production of 12 C in CH2 . The overall 

spect rometer energy resolution was derived to be 4.2 ~vie\· F\\'H.\1, and the momentum uncertainty wa:; 

less than 1 .\.leV. As described in Appendix D, 1\· - ·s or ;r·s momentum lo~:; in CH2 target and 9 Be target 

are the same. Consequently, energy resolution of the spectrometer with 9 Be target should be -1.2 .\Ie\· 

FWH~L 

The different ial cross section o f ~- production was calculated to be 627±37 JJ.b/sr. The uncenainty 

due to the background su btraction of the quasifree r:- from carbon is about 10%. The fonvard angle~ ­

production cross section measured in a bubble chamber experiment[28] i~ 0.28±0.05 mb/sr in the center 

of mass system at PK:::: 597 ".\.IeVfc. In the laboratory frame, it is 0.62±0.11 mb/sr. The agreement 

with our experiment is quite satisfactory. 
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104 APPESDIS B. Cfl, DAT4 ..\SAL\ "SIS .-\..\D SPECTRO.\/ETER L\ERGI' RESOLCTIOS 
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Figure B.l: Energy resolution of the whole spectrometer system dcri,·cd by monochromatic peak from 

the p(J\ - ,r. ..... )L- reaction. EE = 0 .\[e\' corresponds to the~- production. Target is CH2 

Appendix C 

Angular and momentum acceptance 

of the Pion spectrometer 

C.l Angular acceptance 

Because of the widely spread kaon beam in the X direction. d.\: fd Z of the accepted events show dependence 

on X. Hence , before evaluating the the angular acceptance of th<' Pion spectrometer, \\'(' corrcctf'd thE" 

dX/dZ distribution for the X dependence. The corrected histogram s arC' shown in Figure C.l. 

From the dX/ dZ vs. dY /dZ distributions. we evaluated the a ngula r acceptance as follows. If we 

approximate the observed profile by a square {sharp cut off) distribution {this would give an upper 

limit). the angular acceptance= 60 mrad (dX/dZ) x 340 mrad (dY /dZ) = 20 msr. 

H we approximate the observed profile by an ellipse (this would gi\·e a lower limit L the angular 

acceptance= 30 mrad (dX/dZ) x 1 iO mrad (dY /dZ) xrr = 16 msr. 

Taking the average of the two estimates, we obtained 18 msr for thP angular acceptance of the Pion 

spectrometer . 

C .2 Momentum acceptance 

The momentum acceptance of the Pion spectrometer. shown in Figur<' C.2, was determined by using the 

measured momentum distr ibution of I<e3 decay events in the 0Be( /\'- .rr -) P ""~" = 460 ":vie\"jc run. To do 

so, we imposed a severe cut on the ST -SR TOF spectrum. This method should be reliable, since the 

momentum distribution of the K e3 electrons is known to be flat in thi::; momentum range. The measured 

electron spectrum was then parameterized with the normal frequenc~· fun ction freq [56J. freq is composed 

by the error functions (e rf and e rfc[5 7J) as follows, 

freq (.c) = { ~ + ~ erf(xJJ2) 
~ e rfc (lxi/ J2) 

The parameterized acceptance as a function of OPf P(%) is 

(.r ~ 0). 

(J' < 0). 

f (
8P/P + 7.5) ( (bP/ P - i.O)) r eq x 1 - fr eq . 

1.5 3.3 
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Figure C.2: ~!omentum acceptance(6P/ P (%)) of the Pion spectrometer. Determined by the accepted /\, 3 

decay events (histogram ). Solid line is the parameterized acceptance by the normal frequency functions. 
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Appendix D 

Momentum loss correction 

The momentum difference in kaon and pion spectrometer on the empty. 9 Be and CH2 targets dcri\·ed 

from st raight through runs are show n in Figure D.l ,....., D.3. 

The moment um loss histograms have the tails around the narrow components . These tails and 

t he central components are well fitted with 2-Gaussians and we used the mean values of the central 

components as for the mean momentum losses as tabulated bdow; 

Empty().[c\· /c) 9 Be{~leY/c) CH2 ("!.le\)c) 

PIP! 6.19±0.05 10.88±0.16 10.86±0.07 

KJ\ 10.92± 0.08 19.28±0.05 19.30±0.06 

From the mean momentum losses derived above. we can get the target· related momentum losses of 

kaons or pions in the target by subtracting the empty target data. The result is shown in Table D.l. 

To estimate the non target-related momentum loss and the s~·stematic momentum error. the following 

model is adopted. 

d1r+ 5 C;; 

CI\ 

R x drr 

where d7i or dK is non target related pion or kaon momentum loss . Sis the systematic momentum error : 

Cr. or CK the apparent momen tum loss of pion or kaon without target and R is the ratio of kaon to pion 

momentum loss . 

R can be calculated from 9 Be or CH2 data in Table D. I and the results are R = 1.81±0.07 for 9 lle. 

1.79±0.04 for CH2 . Taking its a\·erage, R :::= 1.80±0.0-l was chosen. 

1r("!.leV/c) b: ("!.le\)r-) 
9 lle 4.69±0.16 8.48±0.10 

CH2 4.67±0.09 8.37±0.09 

Table 0.1: .\[omentum lossC'S of kaons and pions in the no(' aud ('If:.? targt't d(~r iH•d by subtracting the 

empty target data. 
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The solution of the previous equation with respt~ct to d71. dh and S i~ th(' following. 

s 

c r,· -C;r 

lR=l) 

_!!:_ x (CX - Crr) 
R -1 
R xCrr-Ch. 

R -1 

Inserting the values from the empty data R=l.80. CK=l0.91 and C:r=6.19. we> get 

drr 5.90"' 0.30 ~[e\)c 

d!\ 10.62 ± 0.59 "!.le\)c 

S 0.29 ± 0.60 "!.le\)c 

S is assumed to be due to calibration error in 1\:aon spectrom<•ter dipole magnet. :\on target related 

d7i and dK can be split up accordin g to the frac tion of material"s mass before' a nd after the target. 

).Iaterials between Q8 and the target are the drift chambers. HP moni tor. ST , CP , air and vacuum 

window of Q8. Between the target and QO. there are the drift cham her. a ir and vacuum window of Q9. 

llefore target (g/ em 2 ) After target (g/cm' ) 

\'acuum \vindow of Q8 0.04 \·acuum window of Q9 0.04 

~ 1/2 m air 0.06 1/4 m air 0.03 

6 Drift Chamber 0.14 5 Drift Chamber 0.12 

ST, CP, HP monitor 2.56 

Total 2.80 0.19 

ST = 1/ 4., scintillator. CP = 1/2" lucite. HP monitor = 1/ 16 .. scintillator. 3x1/32" vinyl tape around 

the scintillators are added with assumed density of 1 g/cm3 . 

The fraction of the mass before and after the target is then: 

before: 2.80/ (2.80 + 0.19) 

after: 0.19/(2.80 + 0.19) 

0.94 

0.06 

Then we get the non target· related kaon momentum loss as 10.62 x0. 9-l :::= 9.98 :Vle\ .jc and pion momentum 

loss as 5.90x0.06 = 0.35 YleV fc . 

.-\ ssuming the reaction was occ urred at the center of the target. momentum losses in the target are 

divided into two for each kaon and pion. Also considering ou r targPL is rotated in 4 degree from kaon 

beam. kaon momentum loss is divided by cos( -l 0 ). 

The momentum losses of each incoming kaon and outgoing pion a.t -l degree is determined as follows. 

For incident K's 

(Be9
) Kloss= 0.5 x 8A8/cos(4 deg.)[Targct] + 0.94 x 10.62[:\on target]= H.23 ± 0.56 ).[e\)c 

(C H, ) Kloss= 0.5 x 8 .37fcos (4 deg. )[Targct] +0.04 x 10.62 [:'\on ta rget]= 14.18±0.56 "!.leV/c 

For emitted 7i 1
S 

(lle9
) 1r loss= 0.5 x 4.60[Target] + 0.06 x 5.90[:\on tmget] = 2.70 ± 0.08 "!.[eV/c 

(CHz ) 1r loss= 0.5 x 4.67[Targct ] + 0.06 x 5.90[:\on targn] = 2.60 ± 0.05 "!.lc\)c 
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The corrected pion spectronH'ter central mornenLUm i~ GOO.O - S = 600.0 - 0.3 = 599. 1 ).Je\)c and 

the momentum of kaon!:i at the target position for 9 Be i:s about 600 - 1-I(I~aon momentum loss) = 586 

~le\)c. 

Empty target 
<I) 

"//nat 
<I) 

XI 'ref 1245 57 c 69.53 /57 c 
:J P> 352.5± 12.06 61200 P> 641.5 42.56 
0 P2 6.194 ~ 0.502\E-01 P2 10.91 0 8208E-01 

0 600 ..,, 1.929 = 0.5634E-01 0 P3 1.651 0.9968E-Ol 
p, 9.393::1:. 2.212 106.6 50.44 
P5 10.94± 1.074 P5 9680 0.2408 
P6 11.41 ± 1.860 P6 3.438 0.4518 

1000 
500 

800 
400 

300 600 

200 f- 400 

100 1- 200 

0 
j .\.. 0

-40 -40 -20 0 20 40 60 -20 0 20 40 60 
MeV/c MeV/c 

P kaon - P pion for pions P kaon - P poon for kaons 

Figure D.l: ).lomentum loss distributions of pions(left ) and kaons( right ) in the target area for Empty 

target run. Pkaon( :\IeV /c) is momentum de wrmined at the Kaon spectrometN. Ppwn(\IeV /c) is at the 

Pion spectrometer. Result of 2 Gaussians fit is shown in solid line 
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9Be target 
(f) (f) L I c J(/ndf 101.8 I 61 gooo I '1/ncf 101.3 52 

:J PI 35.13± 31.42 PI 555.5 4J.72 
0 P2 13.68:: """' 0 

~ 
P2 19.39 0.5817E-01 

(_) PJ 5.799 :t 1.979 (_) PJ 1.848 0.1775 

I 
500 f.- p, 302.3± 15.89 p, 63.36 59.02 

P5 10.88± 0.1604 P5 18.76 0.3079 
P6 2.022::1: 02874 1 P6 4.178.1: 1.091 

800 

400 

600 f-

300 L 

L 

r 
400 

~ 200 f.-

~ 200 100 

~ 0 
) .~ I J , :., 

0 -40 -20 0 20 40 60 -40 -20 0 20 40 60 
MeV/c MeV/c 

p kaon - p pion for pions P kaon - P pion for kaons 

Figure 0.2: ~lomentum loss distributions of pions(left ) and kaons( right ) in the target area with 9 Be 

target. Pkaon(J.Ie\ "jc) is momentum determined at the haon spectrometer. Pp10n( :\IeV/c) is at the Pion 

spectrometer. Result of 2 Gaussians fit is shown in solid line 

I 
CH2 target 

(f) l 

~ [f'' I c 'J(jnaf 108.0 1 66 115.7 , .. 
:J PI 271.7::: 10.51 :J PI 5676!: 14.71 

8 500 P2 10.86 :I: 0.6609E-01 0 ?2 1927.:: 0.J576E-01 
PJ 2198 j: 0.9037E-01 (_) 900 - 3 1.931;!; 0.4621E-01 
p, 15.36::: 3.614 p, 37.().1 ± 6.224 
P5 15.73 = 0.8315 _ P5 17.03:t 0.3167 

P6 9.282 = 1, 149 P6 5.699± 0.3707 

800 

400 
700 

600 

300 
500 

t 

400 
200 

300 

100 200 

100 

0 . J .~ 
0 

.) 
-40 -20 0 20 40 60 -40 -20 0 20 40 60 

MeV/c MeV/c 
P kaon - P pion for pions P kaon - P pion for kaons 

Figure D.3: '!omentum loss distributions of pions(left ) and kaons(right) in th• target area with CH2 

target. Pkaon(.\Ie\ )c) is momentum determined at the Kaon spectrometer. Ppton().le\"jc) is at the Pion 

spectrometer. Result of 2 Gaussians fit is show n in solid line 
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