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Abstract

This thesis is a study of the sensitivity of BNL experiment E813. Experiment
ES813 was a search for the H-Dibarvon (a six-quark wuddss state ) at Brookhaven
National Laboratory’s 2-GeV /¢ beam line. [t was insensitive to H decay modes
and lifetime, and looked directly for H formation through a three step reaction
mechanism. A liquid hydrogen target was used to produce =~ hyperons via the
reaction A’ +p — A~ + =~. These = 's were then slowed down in tungsten
degraders so that a small fraction of them would stop in a liquid deuterium target
located above the liquid hydrogen target to form a (=7.d)aem- The signature
for H formation via (Z7.d)atem — H + n would be a monoenergetic neutron in
coincidence with the formation of a (=7.d)4tom- The most critical property of
the experimental apparatus is the product of the Lyperon stopping efficiency and
the neutron detection efficiencyv. which is needed to quantitatively estimate the
upper limit on the H formation branching ratio and to interpret the experimental
results for the H particle search. This combined efficiency was calibrated with a
similar three step reaction mechanism through a study of £~ capture on hydrogen
followed by (7. p)atemmn — -\ + n. The details of the calibration are discussed in

this thesis.
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Chapter 1

Introduction

The sensitivity of experiment E813 at Brookhaven National Laboratory (BNL)
plays an extremely important role in interpreting the experimental results for the
H particle (a six quark system) search. This thesis is a study of the sensitivity
of this experiment through ¥~ capture on hydrogen. In the first chapter. the
motivation for the A particle search is described. and the E813 experiment and
how to calibrate its sensitivity through the (£7.p)atern — -\ + n reaction are

discussed.

1.1 Physics Motivations

1.1.1 The QCD Prediction of Exotic Hadron Configura-
tions

Discovering and understanding the fundamental interactions in the universe is a
principal task for physicists. Four interactions in nature have been discovered: the
strong, weak, electromagnetic and gravitational interactions. The strong interac-
tion is the dominant force acting between nucleons, and both electromagnetic and
weak interactions also play an important role in determining the properties of nu-

clei. It is widely believed that the Glashow-Salam-Weinberg theory successfully
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describes the electroweak interaction: however. the strong interaction remained
an awkward problem until the late sixties. The big breakthrough was the fonnda-
tion of the quark model after Bjorken discovered the scaling property of structure
functions ! in lepton-nucleon deep inelastic scattering in 1969. The essential con-
cepts of the quark model are: that the hadrons are made of quarks (e.g.. the
barvons are three quark states and the mesons are quark-antiquark states). and
that quarks interact with each other through the exchange of gluons. Since then.
a new nonabelian ? gauge field theory, which describes the strong interaction. has

been established. It is quantum chromodynamics (QCD).

|

In 1951 Fermi discovered the A~ = uuu baryon. [ts spin is 5. obtained by
combining three identical ./ = 1 u quarks in their ground state. Because .J = :f
is a symmetric spin state and the ground state is a symmetric space state. this
configuration corresponded to three identical fermions (u quarks) in a completely
svmmetric ground state. which is not allowed by the Pauli exclusion principle.
This problem was solved bv introducing a new quantum number. called “color™.

If each u quark carries a different color. then the A~ 7 is in an antisymmetric color

state. so that the Panli exclusion principle is maintained.

QCD is the SU(3) nonabelian gauge theoryv of color charge. The fermions
which carry color charge are the quarks. The color charge of a quark has three
possible values (red, blue. and green). Antiquarks carry anticolor. The gauge
bosons mediating the quark—-quark interaction. which are massless and also carry
color (color-anticolor state). are the gluons. The color charge of a gluon has eight

possible values. The interquark interactions are invariant under color interchange.

'Bjorken scaling hypothesis: If the structure functions in lepton-nucleon deep inelastic scat-
tering do not depend on the 4-momentum transfer squared, Q2. but are pure functions of a

dimeunsionless variable, r = ,—_,%, where 1f is the mass of nucleon and v is the energy transfer.
then the lepton is scattered on a pointlike particle.

*Nounabelian group: A nonabelian group is a group whose elements do not necessarily com-
mute with each other. For example. if 4 and B are the elements of a nonabelian group. then
{4, B] = 0 is not always true.
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described by the symmetry group SU(3).

There are many reasons to hope and expect that QCD is a precise and complete
theory of quarks and gluons. QCD purports to be the ultimate theory explain-
ing all strong interaction effects at all energies. For example. QCD predicts quark
confinement, i.e.. the quarks should be permanently “confined” inside their bound
states. This gives an explanation as to why no single quark has ever been found.
In addition. like quantum electrodynamics (QED). QCD has local gauge symme-
try. However. the mathematical complexity of QCD has prevented quantitatively
testing its correctness. The most outstanding property of the strong interaction
is its asymptotic freedom. This can be seen from the evolution of the effective
coupling constant of QCD. The leading order behavior of the coupling constant

in QCD [1] is

. 1
0 (Q*) = s (QF) = Bn(0?/A9) (1.1)
where
N =Q3 exp(—l—). (1.2)
O Bae(QF)
and
B = (33 - 2ny)/127. (1.3)

Here. Q? is the J-momentum transfer squared. ny is the number of quark flavors.
and Q2 is the renormalization point. As seen from eq. (1.1). when ny; < 16.
the QCD coupling constant approaches zero as Q* — oc; however. «.ss can
not be ignored when Q? is small. Fig. 1.1 shows the different behaviors of the
QCD and QED coupling constants. Therefore, for QCD, traditional perturbation
theory should work well at high Q? (short distances) but break down at small
Q? (large distances) where a.;; becomes large and presumably confines quarks

within hadrouns. In fact, only the short-distance phenomena and predictions of
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QCD theory have been tested in a variety of experiments. Ou the other hand.
unfortunately. too little about the low energy. large distance. and non-perturbative
region of QCD has been understood. Despite many vears of effort. direct attemprts

to verify QCD have had verv limited success.

“@(Qz),'

am(oz)

“"asymptotic freedom"”

QZ

Figure 1.1: Comparison between the QCD and QED coupling constants. The
solid curve represents the leading order of the coupling constant of QCD versus
{-momentum transfer squared Q?, and the dashed curve represents the leading
order of the coupling constant of QED versus Q2.

As a consequence, one has to seek an alternative way to understand the non-
perturbative (low energy and large distance) behavior of QCD. One way is to
build phenomenological models which combine the basic ingredients of QCD with
input from experiment. In the past three decades, a number of models have been
suggested. Thev can be mainly divided into three categories: bag models where
quarks are considered as free relativistic particles moving in a bag with appropriate

boundary conditions; Skyrmion models where the relevant degrees of freedom: are



1.1. PHYSICS MOTIVATIONS 3

those of mesons and for which the baryvon notion is recovered as a topological con-
cept; and nonrelativistic potential models where the quark motion must satisfy a
Schrddinger equation based on a quark-quark potential. Each of these approaches
has attractive features but suffers from a number of drawbacks. Theyv agree more
or less on the mass spectrum of simple systems. such as regular hadrons (gqq) and
mesons (¢g). but sometimes present drastic differences on other observables. It is

thus particularly interesting to compare these models with experiments.

According to QCD. the observable syvstems can only be in color-singlet states.
Therefore any observable system is of the form ¢™q" with m — n = 3B. where B
is the baryon number. as the quark has three possible colors. This indicates that
exotic hadron configurations. which are combinations other than the usunal qqq
and qq, are allowed by QCD as long as they are color-singlet states. As examples.
there are possible ¢*§> “baryonium” configurations [2][3]. the “Z* resonance” [4]
q*7 system of strangeness s = +1, and ¢® dibarvons. The existence of these exotic
hadron configurations. especially the ¢° dibarvons. has been an open question for
more than two decades. It has drawn extensive attention from both theoretical
and experimental physicists. because this may provide a new approach to test

QCD.

1.1.2 The H Particle

Among the 6 quark states. the s = —2 sector playvs a special role. If one ignores the
differences in the quark masses between strange and nonstrange quarks. the one-
gluon-exchange interaction. called the color-magnetic interaction. between quarks

has the form [5]:

';2 [V(V = 10) + £S(S + 1) +2C2 + 4CE] (1.4)

Veur =
7

where . is the coupling constant of QCD and m is the mass of the quarks. .V

is the number of quarks in the system. and S is the total spin of the system. C2
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and C% are the eigenvalues of the quadratic Casimir operator * for the SU(3)-
and SU(3)r groups. As seen from eq. (1.4), for a 6 quark state (.V = 6). which
has C¢: = 0 (color singlet), Cr = 0 (flavor singlet), and S = 0 (spin singlet). its
color-magnetic interaction has the minimum value. Vy = —i;—:"_vﬂ The 6-quark
svstern consisting of two u quarks. two d quarks and two s quarks can exist in
such a flavor. color. and spin singlet state. which takes maximum advantage of

the color-magnetic attraction.

In 1977, Jaffe [6] first suggested, based on the MIT bag model. that the uuddss
state with spin-paritv 0~ and isospin 0. which he called the A particle. would be a
stable state against strong decay. His calculation indicated that the mass of the H
is my = 2150 MeV. some 80 MeV below the 2.\ threshold. Unlike the deuteron.
which is a weakly bound “quasimolecule” in which two separated three-quark bags
retain much of their identity. the H was predicted to be a real single particle with
all six quarks within one bag. Since then. many other calculations using different

models have been devoted to this subject.

Aerts et al. studied the 6-quark spectrum for all possible configurations with
the MIT bag model [7]. They found that only the uuddss configuration mighrt
be a candidate for a stable dibarvon. This can be simply understood as follows:
Because quarks are fermions they must obey the Pauli exclusion principle, that
two or more identical fermions may not exist in the same quantum state. The G-
quark state with uuddss configuration. which has an equal number of all possible
flavors (below the ¢ quark threshold) with 2 quarks in each flavor, may occupy
the lowest energy level in the 6-quark spectrum. Any other configuration. having
more than 2 quarks of the same flavor. will occupy a higher energy level. If the
mass of such a 6-quark (uuddss) system is below the threshold of twice the .\

mass, it would be stable against strong decay in all the barvon-barvon channels.

*Casimir operator: the Casimir operators of a group are those operators that commute with
all generators of the group.
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Figure 1.2: Mass of the H particle calculated by various models. Each column
represents a model. and each line per column represents a different calculation of
my within that model. BM is the bag model; NPM is the non-relativistic potential
model; SM is the Skyrme model; LQ is the lattice QCD; QSR is the QCD sum
rule; RPM is the relativistic potential model [46]-[47]; CCD is the chiral colour
dielectric model [48]-[50]; FTM is the flux tube model [51]-[32]; QPM is a quark
pairing mechanism [53]; CM is the chromomagnetic model [34]-[55]; DM is the
diquark model [56]; MRQ is the multi-configuration relativistic quark model [57];
GBE is the Goldstone boson exchange model [58]. The dashed lines show the .\.\
and neutron-neutron masses.
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The current theoretical situation regarding the H particle remains unclear; the
predictions of the A mass are model dependent. A variety of calculations for the
H mass by different models are presented in Fig 1.2; the details of each model
are not discussed in this thesis. As seen from Fig 1.2. most of the calculations
were performed with bag models [7]-[16]. Skyrme models [17]-[29], non-relativistic
models [3] {30}-[41]. lattice QCD [42]-[43] and QCD Sum Rules [44]-[45]. Some
results confirm Jaffe’s prediction that the H is stable against strong decay. while
others give contradictory conclusions. A recent result calculated in the framework
of the Goldstone boson exchange interaction by Glozman et al. [58] showed that
the mass of the H was 847 Me\V above the .\.\ threshold. which indicated that a
deeply bound H particle should not exist. A month later. however. Ghosh and
Phatak pointed out that the mass of the H was smaller than the .\.\ threshoid
by more than 100 MeV [30], according to their calculations based on a chiral
colour dielectric model. Independent of the calculation details. however. most
calculations of the H mass fall in the range from 2100 MeV/c? to 2300 Mel /c?.
This corresponds with a range of H binding energy from 130 Me\' bound to 70

Me\ unbound with respect to the mass of two .\'s.

Since the H decay channels and phase space available for the decays depend
oun the mass of the H. the uncertainty in my also results in a wide range for
the lifetime of the H to be considered. The lifetime of the H. 7y. is around
~ 1075 if 1ny is near the mass of 2.\. while 75 would be > 107s if rny is near the
NV threshold [39]. As a result. the experimental observation of the A particle
would be a very crucial test for QCD or at least for models derived from QCD.
In addition. quark matter calculations indicate that a stable state of condensed
matter may not be ordinary nuclear matter but “strange matter” [60][61] whose
number of strange quarks approximately equals its barvon number. Such matter
may be found in a neutron star. The H particle might be simply the lightest of a
family of —s = B (B > 2) particles. Furthermore, compared to a star containing

just nucleons and leptons, the presence of strange matter in a neutron star would
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qualitatively change the way in which the structure of the star depends upon neu-
trino trapping (62], and this could lead to the delayed formation of a black hole.
Therefore. H research also plays an important role in astrophysics. [n summary.
the study of the H particle can greatly deepen the fundamental understanding

about the strong interaction. and further expand our knowledge of nature.

1.2 Experimental H Particle Research

In the late 1960s and the early 1970’s. there were several experiments [63]-[67]
done with the intention of searching for double strangeness hypernuclei and new
resonances in reactions and mass ranges which turn out to be relevant to the
H particle search. Since Jaffe first predicted [6] the H particle in 1977. many
experimental efforts have been devoted to this field. The reviews of previous
experiments can be found in ref. [68][69]. Nonetheless. no measurement performed
to date has had enough sensitivity to either prove or disprove the existence of the
H particle. [t should be noted that most of the previous experiments searched for
the subsequent decay of the A [70]-[81]. Their sensitivities depended on the H
decay modes and lifetime, which are currently unknown becaunse of the uncertainty

in the H mass.

The first direct attempt was made at Brookhaven National Laboratory (BNL)
by Caroll et al. [85] who searched for the H in the missing mass spectrum of the
reaction p+p — A~ + K~ + X. No evidence for the H was found but an upper
limit on the H production cross section of about 40 nb was suggested. A later
theoretical calculation [86], however, gave a production cross section of 0.2-2.0 nb
which was more than 20 times lower than Carrol’s estimation. Later on. Kawai
et al. [87] at KEK (experiment E248) used a new version of the experimental
arrangement to rerun the BNL experiment with improved sensitivity. There have

been no resuits released yet in the scientific literature for E248.
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Ejiri et al. [88] searched for the H through double weak decay of two nucleons

in nuclei:
p+p— H+2 +2v, p+n— H+e +u. n+n—H.

This resulted in a lower limit on the H mass of my > 1875.1 MeV' /2.

A series of experiments have heen carried out at the D6 beam line of the
Alternating Gradient Syuchrotron (AGS) at Brookhaven National Laboratory.
Experiment E886 [89]-[90] searched for A dibaryon-nucleus bound states (H-*He
and H-d) in relativistic Au+Pt heavy ion collisions; a null result was given for
lifetimes of the H-nucleus system being less than ~ 20 ns. Experiment E836 [91]
was a search for a moderate or deeply bound H through K~ +*He - H+ KA ~+n.
No H was found in the mass range from 1.85 GeV/c? to 2.18 GeV/¢*. Upper
limits on the A production cross section were given in the range of 0.058 to 0.021
pb/sr. The E813 experiment was a search for a weakly bound H through the
(7. d)atom — H +n reaction. The details of E813 will be discussed in this thesis.
The E885 experiment [93] was to detect the H in A~ +2C - K-+ H+ X or
to detect \.\ hvpernuclei in A~ +'2 C' -3 Be + A ~; data analysis is currently
in progress.

There were several experiments {95]-(98] conducted at KEK. to directly search

for the deeply bound H via the (A'~. A7) reaction on nuclei in emulsions:
K +(pp) > H+ K.

where (pp) is a proton pair in a nucleus. They found no H signal in the H mass

range from 1900 to 2160 MeV'.

More work. with higher sensitivity, on the direct search for the H particle is
strongly needed. A number of H production reactions have been proposed in the

literature [99] such as:
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(a) p+p—>H+RKR ™ + K.
(b) \bp— H+ K"
(¢) ¥~ +p—> H+ K",
(d) =" +p—H+~ H+7"
(e) =~ +d - H +n.
(f) = +*He — H +1.
(g) K- +d— H+ KC.

(h) A\~ +*He - H+ K~ +n.

Among the above reactions. Aerts and Dover pointed out that reaction (e) would
present the most favorable case [100] for a weakly bound H. whereas reaction (h)

would be favored for a deeply bound H particle {101].

Figure 1.3: Schematic drawing of H production mechanism used by Aerts and
Dover to calculate the rate for the == + p —» H + n reaction. The [ and T
vertices are explained in the text.
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Aerts and Dover further calculated [100] the branching ratio, R. of H pro-
duction in the process =~ +d — H + n. The branching ratio R was defined
by

—
'——.
M1

S

R= F(E‘ -d—>H~n)/r(E— ~d—anything)-

The mechanism used in their calculation is shown in Fig 1.3. where \.\. =.V.
and ©Y are the the barvon-barvon virtual intermediate states. Aerts and Dover
described those intermediate states by plane waves. The vertex [ (/»':_‘l.k_;) with
momenta k, and /5-; was obtained from the overlap of quark wave functions. where
oscillator wave functions were used. For the transition matrix T in the baryon-
baryon interaction =~ + p — B + Ba. they roughly estimated it by replacing
T with one-meson-exchange static potentials. obtained from the work of Nagels.
Rijken. and de Swart [102]. When the (=~ d)aiom is in an S state. Aerts and Dover’s

final result for the branching ratio R is:

112 |@a(ka)|? (1.6)

R =3y EEB

2
Ry
where
£ =2mampy/my(mn, + my)
Q = m= + 1, — 2m, = 28.5Mel’

Eg =2my —ny

ko = [2mning(Q + Eg)/(1ng + ny)]V?

and [y is the color-spin-flavor recoupling coefficient. Ry is the oscillator radius

for the H particle. oq4(k) is a Hulthén wave function for the deuteron:
oa(k) = C[1/(3? + k°) = L/(v* + k)] (1.7)

with 42 = 2.096 x 107% GeV? and 2 = 0.10269 GeV2.



1.2. EXPERIMENTAL H PARTICLE RESEARCH 13

The branching ratio R is a function of the A particle mass. This is shown in Fig
L.4. where the curves labeled D and F refer to the use of models D or F of Nagels
(102] to describe the two baryon interaction potentials. The reason for model
D and model F is the ambiguity in the sign of the scalar-meson-nonet coupling,
which can not be determined by nucleon-nucleon scattering analysis. Model D
gives a better explanation of hyperou-nucleon scattering experiment data than
model F. while model F gives better values of coupling constants and a better fit
to the nucleon-nucleon scattering measurements. Model F. however. is excluded
by a latter calculation [103]. As seen from the curve labeled D in Fig. 1.1 for
the (2. d)atom — H + n channel. the branching ratio R swiftly decreases with
decreasing my. [t is close to 100% if m g is around 2300 MeV'. while it drops down
to 10% if mny is near 2130 MeV. Since the value of R is expected to be reasonably
large. this process provides an excellent means to search for the H in the weakly

bound mass range with respect to the 2.\ threshold.

An experimental search for the H particle within the weakly bound range is
more interesting because most theoretical calculations indicate that the H mass
is within this region. An H particle in this kinematical region would be stable
against strong decay. In this case. kinematic reconstructions could be used to
obtain the H mass, and the width of which should be quite narrow due to its long
lifetime. Exploiting these features of the kinematics. the E813 experiment was
conducted at the BNL D6 beam line. It was designed to search for the A through
the reaction (=7.d)gtom — H + n. which has maximum sensitivity in the mass
region near the mass of two .\ hyperons. This experiment combined with another
experiment E836 [91], searching for a moderate or deeply bound H through the
reaction A~ +% He - H + K~ +n. were expected to cover the entire mass region

of interest below the 2.\ mass.
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Figure 1.4: Branching ratio R as a function of the mass of H (ing) for capture of
the = from an S atomic orbital. The curves labeled D and F refer to the use of
models D or F of Nagels [102] to describe the baryon-baryon interaction potentials.
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1.3 Experiment E813 at BNL

1.3.1 The H Particle Search

Experiment E813 was carried out at the 2-Ge\'/c beam line of the Alternating
Gradient Synchrotron at Brookhaven National Laboratory. searching for the H
particle by using a three step reaction mechanism. As Fig 1.5 shows. a 1.8 GeV'/c
K~ beam was delivered to a liquid hydrogen target to produce = ’s through the
double strangeness exchange reaction A~ +p - K~ + =~. The =7 's were then
slowed down in tungsten degraders so that a fraction of them would stop in a liquid
deuterium target located above the liquid hydrogen target to form (Z . d)aom S- If
the A exists. calculations [104] indicate that some of the (Z7. d)gom's conld then
collapse into H particles through the reaction (Z7.d)atorn — H + n. The =77s.
which were slow enough to stop in deuterium. would deposit about 1.0 Me\V'-2.2
MeV energy in silicon detectors installed behind the tungsten to form a tag. The
signature for H formation via (7. d)atom — H + n would be a monoenergetic
neutron in coincidence with a tagged =~. Two arrays of scintillator logs on borh
the left and right side of the target. with another scintillating detector (IT) in
front of the hvdrogen target. measured the time-of-flight (TOF) of the neutron.
Monoenergetic neutrons from (=7, d) g0 — H + n would appear as a clear peak
in the neutron time-of-flight spectrum. With two-body kinematics. the energy of
the neutrons in the peak could be used to calculate the mass of the H. and the

vield would indicate the A formation branching ratio.

According to Aerts and Dover's estimation [104]. the branching ratio. R. for
H formation through the reaction (= 7. d)atom — H + n is a function of H particle
binding energy. and it swiftly decreases with increasing binding energv, As Fig
1.4 shows. the value of R decreases to 0.1 as the binding energy increases to 100
MeV. On the other hand. as the mass of the (2. d)a0m is 30 Me\ above the 2.\

mass. the A can not be produced through this process if its mass is above the
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Figure 1.53: Schematic plot of the reaction mechanism and target arrangement for
the H particle search in experiment E813.
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2.\ mass by more than 30 MeV. In fact, if it is unbound by more than 15 MeV'.
the energy of the spectator neutron wiil be too low to be easily detected above
the background. As a result, this experiment is expected to be sensitive over the
binding energy region —15 < By < 100 MeV [105]. This region is considered
to be the most promising A mass region; it covers most of the H particle mass

predictions.

1.3.2 The (w~, K*) Calibration

As discussed above. the signature for A formation in E813 is a monoenergetic
neutron in coincidence with the formation of a (Z7.d)atorn- As a result. the
most important issues for the experimental sensitivity are the tag efficiency of
=~ stopping and the neutron detection efficiency. The experimental technique
and measurement ability have to be proved in order to properly interpret the H
particle search result. One of the main tasks of this experiment is to estimate the
H formation branching ratio. The number of monoenergetic neutrons observed in

E813 is given by:

where:

.V, is the number of monoenergetic neutrons:

Vtag is the number of tagged =7’s:

£stop 1S the =7 stopping efficiency;

v is the efficiency for stopped =7 's to form (=~. d)giom 'S;

R is the branching ratio for the (=, d)atom — H + n reaction;

nwvp is the neutron detection efficiency.
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Therefore. the branching ratio is experimentally determined as:

V
R= = (1.9)

Ntag * Zstop - V " IND
As seen from above eq. (1.9). one must know the combined =~ stopping
efficiency and the neutron detection efficiency. z5,, *7vp. In order to calculate
the H formation branching ratio R. As a result. the calibraticn of this combined

efficiency is very crucial for experiment E813.

Reutron Detector
X

Ly
P e L L Ll Tl T,

Silicon detector N\ n
Tungsten degrader __ N
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= T A
2
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Z
LHZ2 z
-
L
AL et it O |
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1.4 GeV/c

LH2

R T T T T T TR TR TN ———

T

Spectrometer

Figure 1.6: Schematic plot of the reaction mechanism for the (7=, A’ ™) calibration
run.

The (7. A7) calibration experiment used a similar three step reaction mech-
anism through ¥~ capture on hydrogen. Table 1.1 shows the comparison between
the H production and the (77. A7) calibration experiments. The same target

svstem as in the H production was used in the calibration. but both the lower
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H production

(r~.K ™) calibration

beam

1.8 GeV/c K~

1.4 GeV/jcw~

target system

LH2/LD2

LH2/LH2

hyperon production

K +p—Z +K-

T +p—=2 YT+ A7

do /d€) at 0° for hyperon
production

30 pb/sr

90 ub/sr

favored K ~ scattering angle

By - ~ 5 — 10°

- ~5° — 10°

tags for hyperon

1.00 < E,; <2.25 MeV

1.00 € E,; €225 MeV

hyperon stopped

_—
-
—

+ d — (E_ d)atam

2- +P — (E"-p)atrnn

hyper-atom decay

(E7.d)atom = H +n

(E .Platom = A+ 1

branching ratio
of hyper-atom decay

depending on my

(53.2 £ 1.0)%

Ey of monoenergetic neutron

depending on mg

43.5 MeV

Table 1.1: Comparison between the H production and the (77. A ™) calibration
experiments.

and upper target vessels were filled with liquid hydrogen, as shown in Fig. 1.6.
The 7~ beam was delivered to the lower hvdrogen target to produce ¥ s through
7"+ p—> N~ +X7. The momentum of the incident 7~ beam was chosen to be
1.4 GeV' /¢ so that the kinematics of the ¥~ would match that of the = in the
H particle search with an incident A~ beam of 1.8 GeV/c. and so that the ¥
stopping probability would be nearly identical to the =7's using the same target
configuration to slow the hyperons. The £7’s were slowed down by the tungsten
degraders; a fraction of ¥ ~’s would leave about the same amount of energy in the

silicon detector as the =7 's in the A production search, then stop in the upper
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hydrogen target to form the (X7 .p)atom’s. The (X7.p)arom’s then decaved into a
A and a 43.5 MeV monoenergetic neutron with 53.2% probability [106]-[107]. The
measurement of monoenergetic neutrons in coincidence with tagged ¥~ 's would
be used to calibrate the combined stopping efficiency and neutron detection effi-

ciency.
Formation of (X7, P)atom

In the (7. A7) calibration. the (X7 . p)arom was formed when the ¥~ was stopped
in the upper liquid hvdrogen target and captured into a high-n Bohr orbit around
the nucleus by replacing an electron. According to Borie and Leon {108|. the

(7. P)atorn Will be initially formed in a state with a principal quantum number

ns \/M/rrze ~ 32, (1.10)
mp + Ing

then cascades down to lower atomic levels. through its own series of bound atomic
states by the processes of chemical and Auger deexcitation. radiative transitions.
and Stark mixing *. In the low principal quantum number (n) state. where the
¥~ is very close to the nucleus. the strong ¥~ -nucleus interaction causes a shift
in energy of the low atomic levels from its purely electromagnetic value so that
those low levels are broadened. Batty [109] used an optical model to calculate
the hadronic shift and width of the lower atomic levels. The optical potential was
defined as:

£ bop(r) (L.11)

2li(r) = —dr(l + &
# opt(r) I'T(l + m

where p is the ¥~ -nucleus reduced mass. m is the mass of the nucleon. p(r)

is the proton density distributions normalized to the number of nucleons. and the

4Stark mixing: the transitions between the n? degenerate states of a given principal quantum
number n in the hadronic atom. This process is induced when the hadronic atom passes near
or through a hydrogen atom and “feels” its electric field.



1.3. EXPERIMENT E813 AT BNL 21

complex coefficients by is determined by a least-squares fit to the ¥~ -atom data.

Because of its short lifetime. the £~ may decay during the atomic cascade
before it reaches a low atomic state {small n). being absorbed by the nucleus
through the strong interaction. Using the width of the Ls state ~ 1 ke\" calculated
from the above optical model and the width of the 2p state ~ 0.03 e\’ estimated
from the pp calculation, Batty [110] further calculated the probability of hyperon
decay during the cascade by using the Borie-Leon model {108]. He found the
fraction of ¥~ 's which decay during the cascade depend on the Stark mixing
normalization factor A" (an arbitrary factor to multiply all Stark mixing rates).
Assuming the factor A to be 1.0-2.0. the average ¥~ decay rate was found to be
(L15+3)%. In other words. about (85£5)% of the (X7. p)atorn's would still survive
after cascading down to ls or 2p states. Batty calculated the average survival

probability for the (=.d)aom to be ~ 80% [109].

Rate of (X7, platom — A+ 7n

There are two decay channels for the (X7 .p)atomn: (X7 Daton — -\ + n and
(7. Platomn — £ + n. Traditionally. studies have been made of the branching

ratio to £%.. defined as:

R cr(X7p— Eon) (1.12)
B Gr(E-p = An) +0p(Sp— S0n) e

where oz denotes the total cross section for the respective ¥~ capture reaction
at rest. The branching ratio of interest to this experiment is for the reaction

(7. P)atom — -\ + 1 and can be calculated from
Ry=1-rgr (1.13)

The Nagels group [102] calculated the ratio of £~ capture at rest. in a one-

boson-exchange potential model. They constructed the barvon-baryvon interaction
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potential by taking into account complete nonets of pseudoscalar. vector mesouns.
and the scalar-meson unitary singlet at long distances. while employing hard cores
at short distances. Five free parameters were determined in their model by a
least-squares fit to the low energy hyvperon-nucleon scattering total cross section
data and the capture ratio at rest for the £~ p channel. This model gives good
explanations simultaneously to both hyperon-nucleon and nucleon-nucleon data
in the low energy region. Table 1.2 shows the comparison of the ratio for ¥~
capture at rest between Nagels™ calculation and the measurements. As seen from
the Table. the agreement is verv good. The average of the two measurements
for the ratio of £~ capture at rest is rp = 0.468 = 0.010. corresponding to the

branching ratio of (7. platom — A + 10, Ry = (33.2 £ 1.0)%.

Theoretical result Measurement
expl [106] [ exp2 [107]

TR 0.4775 0.474 £ 0.016 | 0.465 £ 0.011

Table 1.2: Ratio of ¥~ capture at rest.

Experiment E813 started in 1991. and real production runs were conducted
in 1992, 1993 and 1995. During the time. the (7 . A7) calibration data were
collected. About 10% of the (7. A7) calibration data were taken in 1993 while
90% of the data were taken in 1995. In this thesis. the analysis of the 1995
(7. A7) calibration data is discussed. Chapter 2 describes the experimental
arrangement and procedures. The data analysis is presented in chapter 3. while

the final result and a discussion are presented in chapter 4.



Chapter 2

Experimental Setup

2.1 Overview

The main objective of the (x~. A7) calibration was to measure the 43.5 MeV
energy neutrons produced through the (¥7.p)yom — n + .\ reaction. in order
to calibrate the combined hyperon stopping efficiency and the neutron detection
efficiency. 24, /v p. for the H particle search. To do this, one needed to detect the
monoenergetic neutrons in coincidence with tagged ¥~ 's which had the highest
probability of stopping in the upper liquid hydrogen target to form (X . p)aom 5.
This goal was carried out in three steps: ¥~ production and identification. tagging

the stopping ¥~ 's. and finally the monoenergetic neutron detection.

As shown in Fig. 2.1. the experimental area was divided into four main sectors
according to their locations and functions. The first sector was the beamline,
which was used to deliver a 1.4 GeV/c 7~ beam to the lower hydrogen target (see
Fig. 1.6) to produce £~ ’s through the 7~ + p — £~ 4+ K~ reaction. The second
sector was the 48D-8 spectrometer, which was used to measure the momentum and
the time-of-flight of the scattered particles. The outgoing A ~’s were subsequently
identified through a secondary mass calculation. As a result. ¥'s. produced

through 7~ +p — £~ + A ~, were identified by a missing mass calculation through

23
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Figure 2.1: Schematic diagram of the experimental setup. The solid boxes divide
the experimental area into sectors. and the dashed boxes further divide the sector
into a few sub-areas. (&’.y’.z') is the beam line coordirate system. and (r.y. z)
is the H particle coordinate system. The two coordinate systems overlap in the
target sector. and their intersection point defines the origin for both systems.

two-body kinematics by combining the momentum information of the 7~ 's and the
KA 7's. The third sector was the target. ¥ ’s were produced in the lower target and
the ones which had the highest probability of stopping in the upper target were
tagged by the silicon detectors (shown in Fig. 1.6). The fourth sector was the ND
(the neutron detectors) sector. which was used for neutron energy measurement
by measuring the time-of-flight and the path length. Furthermore. the beamline
sector and the 18D48 spectrometer sector were divided into a few sub-areas. The
detectors in the mass slit area and in the incident area (immediately upstream of
the target) combined with the last dipole in the beam line were used as a focusing
spectrometer for beam particle identification. while the detectors in the front area

and in the back area combined with the 48D48 magnet were used as an open
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Spectrometer

Target

Neutron Arrays
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Figure 2.2: Plan view of the E813 experiment layout. The beamline sector begins
right after the Pt-target, and ends at the front end of the experimental target; the
various beamline elements are described in Fig. 2.4. The other sectors are shown
in the figure as labeled.
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spectrometer for scattered particle identification (the detectors in the beamline

spectrometer and in the 48D48 spectrometer are highlighted in later Fig. 2.3).

Fig. 2.2 shows the complete experimental setup. In the following secrions. the

details of each part of the apparatus are discussed.
2.2 Conventions

A Y

N

Figure 2.3: Definitions of the directional angles # and o.

As shown in Fig. 2.1. two separate coordinate systems were used to describe
this experiment. The first was the beamline coordinate system (z .y .= ). which

was defined between the production target and the experimental target. The =
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axis was along the central ray of the beam line!: its positive direction pointed
downstream with regard to the beam. The y' axis was vertical and with positive
direction up. and the z axis was defined by a right-handed coordinate system.
The second coordinate svstem was the H coordinate system (x.y.z). It was defined
between the front end of the incident area (right after the last quadrupole Q9 in
the beam line. Shown in Fig. 2.2) and the back end of the 48D-8 spectrometer
sector. The z axis direction of the H coordinate svstem was fixed along the
beam direction immediately after the quadrupole Q9. and the r and y axes had
the same definitions as in the beamline coordinate system. The two coordinate
svstems overlapped at a nominal point in the experimental target area. and this
point was set to be the origin for both coordinate systems. The directional angles

0 and ¢ were defined as shown in Fig. 2.3.

The detector names conventionally had two letters and an optional digit. The
first letter stood for the location of the detectors. M, . F and B represent the Mass
slit area. the Incident area, the Forward area and the Back area respectively. The
second letter stood for the detector tvpe or function. such as D for drift chamber.
C for Cerenkov detector. P for position information. and T for timing information.
The optional digit was used if there were multiple similar detectors in the same

area.

2.3 Beamline Sector

The beamline sector started right after the platinum production target. and ended
at the front end of the experimental target; Fig. 2.4 gives a plan view of this sector.
As shown in Fig. 2.1, the beamline sector consisted of three parts: the D6 beam

line, mass slit area detectors and incident area detectors.

'The central ray of the beam line: is the optimum trajectory of the beam particle with a
specific momenttiin passing through the centers of the three dipoles in the beam line.
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Figure 2.4: Plan view of the D6 beam line at BNL.

2.3.1 The D6 Beam line

The experiment was carried out on the D6 beamline of the Alternating Gradient
Svnchrotron (AGS) at Brookhaven National Laboratory (BNL). The beam line
was originally designed to deliver 1.9 x 108, 1.8 GeV /¢ A~ /spill per 6.5 x 102 pro-
tons. with the beam purity approaching A ~/7~ > 2: 1 for the H particle search
experiments E813 and E836. In the present (7 .A ~) calibration experiment. it
was used to deliver a 1.4 Ge\'/c 7~ beam. with 6.3 x 10° pions/spill per 3.6 x 10'?
protons and a #7 /A~ > 500 : 1 requirement easily satisfied. The details of the
beam line are described in Ref. [112]. As shown in Fig. 2.4. 2 9.0 em long. 0.7 cm
wide and 1.0 ¢cm high platinum production target was placed in the entrance to
the first dipole {D1). being able to withstand < 1.5 x 10'3 24 GeV/c protons per
1.2 second AGS spill every 2.5 second. The secondary beam was transported with
an extraction angle of 5° to the primary beam, then deflected 25° by dipole D1

into the D6 beam line. Two electrostatic velocity separators (E1 and E2) and two
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Momentum range 1-2 GeV/c
Momentum acceptance (FWHM) +3%
Horizontal acceptance (FWHM) +53, -35 mrad
Vertical acceptance (FWHM) +7, -6 mrad
Horizontal image size (rms)=1.5 cm
Final focus Horizontal divergence (rms}=7.0 mrad
(Horizontal waist at z = —20 cm) Vertical image size (rms)=0.1 cin
Vertical divergence (rms)=+4.7 mrad
K- flux, 1.8 GeV/c, K~ /6.5 x 10'~ protons 1.9 x 10°/spill
Direct A~ /7~ ratio, 1.8 GeV /c K~ beam 1:2 (without four-jaw cut)
with two separators working at full voltages > 2:1 (with four-jaw cut)
7~ fux. 1.4 GeV/c, w~ /3.6 x 10'* protons ~ 6.3 x 10%/spill
Direct 7~ /R ~ ratio, 1.4 GeV/c @~ beam
with one separator working > 200:1
at 80% full voltage (with four-jaw cut)
Momentum spread (rmns) 0.3%

Table 2.1: Important features of the D6 beamline at BNL.

vertical mass slit apertures (MS1 and MS2) were used for particle separation. with
the mass slits being located at different vertical foci. The three dipoles (D1. D2
and D3) in the beam line were set to allow particles with a specific momentum to
follow an optimum trajectory through their centers. known as the central ray. The
secondary beam was transported in vacuum to the first mass slit (MS1) entrance
and then through a 0.0076 c¢m thick aluminum window into air to the entrance
of sextupole S4. The space between MSI1 and S4 was for inserting experimental
detectors. a scintillator hodoscope (MP) and a timing scintillator array (MT). so
that the detectors were near a horizontal and vertical focus to minimize the effects
of multiple scattering. The beam was then transported in vacunm throngh the
second mass slit (MS2) to the exit of the last quadrupole magnet. Q9. The beam
line incorporated 9 quadrupoles, 6 sextupoles, 5 octupoles and specialized colli-
mators (a four-jaw collimator and a horizontal aperture). In order to minimize
the vertical beam width at the mass slits, the beam optics were partially corrected

to third order. The last dipole, D3, combined with the scintillating detector (MP)
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in the mass slit area and the drift chamber detectors (ID1-3) in the incident area
formed a beam spectrometer. The beam momentum was calculated from particle
tracking by using TRANSPORT program [113]. and the beam momentum spread
was measured at < 0.3%. The main features of the D6 beam line are described in

Table 2.1 {112].

2.3.2 Mass Slit Area Detectors

The mass slit area detectors consisted of scintillating detectors MP and MT. which
were located in the first mass slit area of the beam line after dipole D2, as shown
in Fig. 2.4. The descriptions of the detectors MP and MT are given below. and

their relative locations are shown in Fig. 2.5.

48048 spectrometer

Beamline
48048

P T '
Magnet BP
03 Dipole , ’ 801 802

101 ip2 103

Torget ,
' F
'FDl P rp2 | FD3

i

FC

Figure 2.5: Schematic plot of the detectors in the beam spectrometer and the
48D48 spectrometer.
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MP

MP was a 72 element detector. with its center located at / = 0.0 cmm. ' = 0.0
¢m. and 2 = —440.0 ¢m in the beamline coordinate system. Each clement was
a rectangular BC408 scintillator with dimensions 0.7 cm x 1.5 ¢m x 0.3 cm
(' x y x ). They were arranged vertically in two overlapping layers to get
the better r' position measurement of the beam particles. The active width of
MP along the «' direction was 33.3 c¢cm. Ouly one R647-01 Photo Multiplier
Tube (PMT) was installed for everv element. By identifving which element of
the detector fired. MP was used to measure the r’ position of beam particles in
the mass slit area. in order to calculate the momentum of the beam particles
by combining the z position and directional angle € information from three drift
chambers in the incident area. Both ADC (analog-to-digital converter) and TDC

(time-to-digital converter) information from MP were recorded.

MT

Another detector in the mass slit area was the Mass slit Timing (MT) detector.
used to measure the time-of-flight of the beam particles. It had 9 elements seg-
mented horizontally. Each element was made of a BC408 rectangular scintillator.
with dimensions of 3.7 em x 1.5 em x 0.635 cm (2/ x y' x ='). The center to
center distance between adjacent elements was 3.7 cm: this made the active width
of MT 33.3 cm along the &' direction, which matched the width of MP. Both ends
of each MT element had RCA8575 PMT's. The center of MT was located at
2’ =00 cm. y = 0.0 ¢cm. and 2’ = -430.0 cm in the mass slit area. Constant
Faction Discriminators (CFD) were used for optimum time resolution. For fixed
beam momentum, the difference of the time-of-flight from MT to the downstream

beamline detector IT was used to select the beam particles.
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2.3.3 Incident Area

In the incident area. there were three drift chambers (ID1-3), one Cereukov de-
tector (IC), and one scintillating detector {IT). Their relative locations are shown

in Fig. 2.5.

Drift Chambers ID1-3

sense wires
\—’-

X // rotation angle

Figure 2.6: Definition of the rotation angle for the sense wires in the drift cham-
bers. For example. the sense wires are parallel to the x axis if the rotation angle
is 90°.

Three identical drift chamber detectors (ID1. ID2. ID3) were installed in succes-
sion in front of the experimental target to measure the track direction and the
!

x position of the beam particles. This information. in combination with the «

position information from MP in the mass slit area. was used to calenlate the
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Chamber | Planes | Rotation | Spacing Location(cmn) Resolution | Channels
angle (cm) r | vy z (cm)
u-u’ 120¢ 0.308 0.015 24 x2
ID1 v-v' 60° 0.508 0.00 | -0.07 | -135.19 0.015 24x2
X-x' ° 0.508 0.015 2ix2
u-u’ 120° 0.508 0.015 24x2
ID2 v-v’ 60° 0.308 0.12 | 0.10 | -118.49 0.015 24ix2
x-x 0° 0.508 0.015 24x2
u-u’ 120° 0.508 0.015 24x2
ID3 v-v’ 60° 0.508 0.15 ) -0.05 | -87.95 0.015 24x2
x-x' 0° 0.508 0.015 24x2
Table 2.2: Specifications of the ID chambers. The definition of the rotation angles

is shown in Fig. 2.6. Spacing: the chamber sense wire spacing; Location: the
center of the chamber position; Resolution: position measurement resolution.

momentum of the beam particles by using a TRANSPORT program [113]. Be-
cause the ID chambers were in-beam detectors. they were designed for high rate
operation; cach ID chamber could tolerate up to 6.3 x 10¢ particles per second.
There were a pair of - — 2’ planes. a pair of u — «' planes and a pair of » — ¢/
planes (the definition of the planes given in Table 2.2) in a chamber. This config-
uration gave the best resolution for the r position measurement. Table 2.2 gives
detailed information about the ID chambers. The active area for each chamber
was hexagonal. 12.2 ¢m across in the r direction and 10.6 ¢m high in the y direc-
tion. The gas mixture used for the operation of the ID chambers was 76% argon,

20% isobutane. and 4% methylial.

Cerenkov Detector IC

In order to separate the beam particle #7's from A ~’s for the online trigger. a
Cerenkov detector was installed at = = —96 cm. in between [D2 and ID3. IC was
made of an aerogel radiator with index of refraction n = 1.03. When a charged

particle traverses a dielectric medium, with its velocity exceeding the velocity of
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light in this material. a small number of photons will be emitted at a fixed angle.
This is called the Cerenkov effect. The threshold velocity for Cerenkov emission

is defined by the index of refraction n:

S = = (2.1)

where 3 = £, and v and ¢ are the speed of light in the dielectric medium and

ol

vacuum respectively. Therefore, with n = 1.03 aerogel radiator. the threshold

momentum for A~ (mg- = 0.49368 Ge\V /%) is

Mpy - ¢ Fp Mmy--c-+

Py = o 3 =20 (Gel/e) (2.2)
\/1 = 3in \/l —(z)?
The threshold momentum for 7~ (- = 0.13957 GeV/c?) is
Ma- - C-Jyp Mg-rCo & o . .
P = = 2 = 0.567 (Ge\'/c) (2.3)

I3 JI-G)

Thus. only A ~’s with momentum greater than 2.0 GeV//c and 7~ ’s with momen-
tum greater than 0.567 GeV /¢ would cause emission of Cerenkov radiation from
IC. In the case of the (77, A7) calibration run, a 1.4 GeV/c 7~ beam was used.

As a result. [C would have output signals only when 7~’s passed through it.

The IC consisted of two aerogel blocks with dimensions of 10.0 cm x 3.0 ¢m
x 3.0 em (z x y x z). The Cerenkov light was received by a mirror of aluminized
mylar downstream of the aerogel blocks and was reflected to a Hamamatsu R1250
photo multiplier tube (PMT) through a Lucite light guide. Fig. 2.7 gives a side
view of 1C. The efficiency of IC was 99.7% as determined in a 1.8 GeV /¢ 7~ beam

test [114].
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Figure 2.7: Side view of IC.

1T

One of the key detectors in the experiment was [T. which provided the time
reference for all the other detectors and time-of-fight measurements. [T consisted
of four scintillating elements arranged vertically, with adjacent elements staggered
from each other side by side. Each element was a 2.5 cm wide, 3.0 cm high.
and 1.27 cm thick BC08 scintillator. The total width of IT was 10.0 cm. The
center of [T was located at £ = 0.0 em, y = 0.0 ¢m, and = = -71.8 ¢m in the
H coordinate system. Because [T timing information was crucial for the whole

-

experiment, RCA8575 PMT’s were mounted on both ends of each elecment. and
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constant fraction discriminators (CFD) were used for better time resolution. The
intrinsic time resolution of IT varied from bar to bar with an average value of

a = 130 psec.

2.4 The 48D48 Spectrometer Sector

The main function of detectors in the 48 D48 spectrometer sector was to identify
the scattered A ~'s by measuring their momentum and time-of-flight. The 48D-18
spectrometer sector can be further divided into three sub-areas (see Fig. 2.1): (1)
the front area detectors. which measured the tracks of scattered particles in front
of the magnet: (2) the 48D48 magnet. which bent the particles in the vertical
direction; (3) the back area detectors. which measured the tracks of scattered
particles behind the magnet. and also measured the time-of-flight of scattered
particles. Fig. 2.5 shows the layout of the detectors in the 48D-8 spectrometer

sector.

2.4.1 Front Area

In the front area. there were three drift chambers (FD1. FD2 and FD3). a scintil-
lating detector. FP. and a Cerenkov detector. FC. These detectors are described

in detail below.

Drift Chambers FD1-3

There were three drift chamber detectors (FD1 and FD2 in front of the magnet
and FD3 inside the magnet) to measure the tracks of the scattered particles before
traversing the magnet. Because the particles were bent vertically by the magnet.
the vertical positions of the particles gave information about their momentum.
The FD chambers were designed with a v-u-v (see Table 2.3) configuration iu

order to obtain better y resolution. FD3 was placed inside the 48D48 magnet
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Chamber | Planes | Rotation | Spacing location(cm) Resolution | channels
Angle {cm) r 1y z {cm)
u-u’ 210° 0.308 0.015 48x 2
FD1 v-v' 150° 4.508 007 | -6.83 | 31.12 0.015 18 x2
-y 9n° 0.508 0.015 18 x2
u-u’ 210° 0.308 0.015 18x2
FD2 vy’ 150° 0.308 -0.02 | -6.90 | 66.92 0.015 18 x2
Y-y 90° 0.508 0.015 18x2
u 150° 1.27 0.030 61
FD3 v-y’ 90° 1.27 0.18 | -0.69 | 149.04 0.030 642
v 30° 1.27 0.030 61

Table 2.3: Specifications of the FD chambers. The rotation angles are defined in
Fig. 2.6. Spacing: the chamber sense wire spacing; Location: the center position
of the chamber: Resolution: position measurement resolution.

aperture for better determination of positions. The discriminated signals of y hits
from FD3 were also used as input for the second level trigger. described later.
The maximum drift times for FD1 and FD2 were about 50 nsec. and for FD3 was
about 125 nsec. The specifications of all FD chambers are shown in Table 2.3.
The gas mixture used for the operation of the FD chambers was T0% argon. 20%

isobutane. and 4% methylal.

Cerenkov Detector FC

The aerogel Cerenkov detector FC was used to separate the A s from 7~ s among
the scattered particles. The index of refraction of the radiator blocks of FC was
n = 1.04; therefore. as calculated by using eq. (2.1). (2.2) and (2.3), the Cerenkov
radiation thresholds of FC were at 1.729 Ge\'/c for A”’s and 0.49 Ge\'/c for 7’s.
For the 7~ + p — ¥~ + K~ reaction with 1.4 GeV/c beamn momentum. the
momentum of outgoing A ”’s was in the range 0.74 — 0.96 GeV/c. As a result.
with momentum around 0.74 — 0.96 GeV/c. 7’s were able to fire FC while A’s

were not. This property of FC was used in a hardware trigger to veto n’s. The
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efficiency of FC was measured to be 98.6% in a 1.8 GeV /¢ 7~ beam test [114].

The center of FC was located at (0.0cm.-6.8cm.44.0cm). in between FDI and
FP. and upstream of the 48D48 dipole magnet shown in Fig. 2.5. The dimensions
of the aerogel blocks were 25 ¢cm wide. 25 cm high. and 9 ¢m thick. Both top and
bottom ends of the aerogel blocks had two Hamamatsu R1250 PMTs to collect

the Cerenkov light. A schematic drawing of FC is shown in Fig 2.8.
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Figure 2.8: Schematic drawing of Cerenkov detector FC. The left hand side is the
side view and the right hand side is looking downstream along the beam direction.
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Scintillator Hodoscope FP

FP was a 16 element scintiliator detector. segmented along the y axis to provide
a fast measuremenrt of the y position for the scattered particles. and to veto the
beam particles for the online trigger definitions. Modules #1-#12 were traversed
by scattered particles only. while modules #13-#16 were traversed by beam par-
ticles also. FP was used to define the vertical acceptance of the spectrometer at
about —13.2° < #y < 0.6°. and the size of FP was designed to martch the size
of FC so that all the events recorded by FP would be identified by the Cerenkov
detector FC. Each element of hodoscope FP was made of BC108 scintillator with
dimensions 24.0 cm wide. 1.5 cm high, and 0.4 cm thick. The adjacent elements
had flush alignment. The center of FP was located at £ = 0.0 cm. y = —6.8 ¢m.

and : = 60.0 ¢cm in the H particle coordinate system.

2.4.2 The 48D48 Magnet

The 48D-18 magnet was a dipole magnet. [ts pole face was 18" x 18" with a gap
of 31.5". The bend plane of the 18D:8 was in the y — = plane. therefore. the field
direction was horizontal and particles were bent vertically. As Fig. 2.9 shows. the
scattered particles were bent up to the back area of the spectrometer. while the
beam particles were bent down to the ground. In the H particle production run.
the central magnetic field was set to be 1.4 Tesla in order to bend a typical 1.2
GeV/c A~ by 30° through the spectrometer. In the (7. A ™) calibration run. the
magnetic field was reduced to 0.94 Tesia in order to bend a typical 0.85 GeV/c
K~ from the #~ +p — ¥~ + A7 reaction by the same angle. The center of the
48D48 magnet was at = = 200 cm in the H coordinate system. For a typical
K~ from the (77, ™) calibration run scattered from (0. 0. 0) in the H particle
coordinate system, the angular acceptance of the spectrometer was about 31.7

msr (for 0° < - < 22° and 180° < oi- < 360°).
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Figure 2.9: Schematic diagram of spectrometer magunet. The scattered particles
were bent up. and the beam particles bent down to the ground.



2.4. THE 48D48 SPECTROMETER SECTOR 41

2.4.3 Back Area

[n the back area of the spectrometer, there were two large drift chambers {BD1
and BD2), a Cerenkov detector BC. a scintillator detector. BP. and a time-of-
flight wall detector BT. Their relative locations are shown in Fig. 2.5. and the

details of each detector are described below.

Drift Chambers BD1-2

Chamber | Planes | Rotation | Spacing location(cm) Resolution | channels
Angle (cm) X Y Z (em)
u 120° 2.0 0.030 128
BD1 v 60° 2.0 -0.41 | 68.60 | 373.17 0.030 128
-y’ 90° 2.0 0.030 112x2
u 120° 2.0 0.030 128
BD2 v-yv' 60° 2.0 -0.04 | 69.39 | 155.89 0.030 128x2
oy goe 2.0 0.030 112x2

Table 2.4: Specifications of the BD chambers. The rotation angle is defined in
Fig. 2.6. Spacing: the chamber sense wire spacing; Location: the ceuter position
of the chamber: Resolution: position measurement resolition.

Two drift chamber detectors (BDI and BD2) were used to measure the tracks of
the scattered particles behind the magnet. Thus the trajectories of the scattered
particles throughout the spectrometer area were reconstructed by combining the
track information from the FD chambers and BD chambers. As a result. the

momentum of the scattered particles was then determined.

As the direction of each scattered particle was rotated by the spectrometer
magnet by approximately a 30° angle from the z axis. the back chambers were
inclined at 30° from the y axis. as shown in Fig. 2.5, so that the particles could
pass throngh the BD wire planes perpendicularly. The active areas of BD1 and

BD2 were 114.0 x 214.0 ¢cm®. Table 2.4 lists more detailed information about the
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BD chambers. The gas mixture used for the operation of the BD chambers was

79% argon. 17% isobutane. and 4% methylal.

Cerenkov Detector BC
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Figure 2.10: Schematic drawing of Cerenkov detector BC.

As A s might decay into 7 ~’s or other lighter particles during their flight through
the spectrometer, there was also an aerogel Cerenkov detector BC in the back area
to separate the scattered A ~’s from their decay particles. The refractive index of
aerogel blocks used in BC was the same as in FC with n = 1.04. As a result. BC
could only be fired by 7~’s or other lighter particles but not by A ’s, under the

experimental conditions. The signals of BC were also used in the online trigger
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definitions to veto pions or other lighter particles. As shown in Fig. 2.10. BC
cousisted of three lavers. and each laver had 54 aerogel blocks. adding up to
a total 162 blocks. Each block was 21 ¢m wide. 21 ¢m high. and 3 cm thick.
Therefore. the particles would pass through a total of 9 cm thickness of aerogel
radiator. The Cerenkov light was reflected by an aluminized mylar reflector. and
collected by 20 RCA8854 PMTs on each side of the detector. The efficiency of BC
was measured to be 98.5% in a 1.8 GeV'/c #~ beam test [114]. BC was inclined at
30° relative to the y axis. and its center was located at (0.0cm.69.0cmn.-181.0cm)

in the H particle coordinate system.

Scintillator Detector BP

A 6 element scintillator detector BP, segmented along the r axis. defined the hor-
izontal acceptance of the spectrometer with angular coverage of 16, < 6..4°. The
combination of information from BP and upstream FP was used to define the
online trigger. signaling that a charged particle had passed through the spectrom-
eter. The active area of BP was matched to BC to ensure the particles recorded
had passed through BC. Each BP element was made of 21.0 cm wide. 180.0 cm
high. and 1.0 ¢m thick BC408 scintillator. adding up to a total active area of
126 x 180 em?. An XP2262 PMT was mounted on both ends of each element.
The center of BP was located at (1.3 cm. 106.4 cm. 524.4 cm) in the H coordinate
system. and inclined at 30° relative to the y axis so that particles were incident

on the detector approximately perpendicular.

Time-of-flight Wall Detector BT

At the back of the spectrometer area. there was a time-of-flight wall detector BT
to measure the time-of-flight of the scattered particles. A detailed description of
BT was given in [115]. Unlike other detectors in the back area. BT was inclined at

15° instead of 30° to the y axis. According to a Monte Carlo simulation. when BT
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is inclined at 15°. the same kind of particles emitted from a point source at the
target area with the same momentum at small differing angles have the smallest
separation in their path lengths. and consequently in their time-of-flight. so that
the spread in the time-of-flight peak for the same kind of particle within a single
BT element is minimized. Therefore. the time-of-flight separation between A ~'s
and background particles (like protons) in a single BT bar is maximal. which is

of benefit for the second level trigger to be discussed later.

BT comnsisted of 40 bars. Each bar was made of BC408 scintillator. 200 ¢m
wide. 8.5 ¢m high. and 5.0 em thick. Each bar was viewed by two 2.3 nsec rise-time.
2 inch diameter Hamamatsu H1949 photomultiplier tubes (PMTs). one at each
end. [ndividual bars were rotated to 30° from the y axis so that the particles would
pass through them perpendicularly. Fig. 2.11 shows the schematic layout of BT.
The center of BT was at (-1.1 ¢cm. 207.8 cm. 739.6 cm) in the A coordinate system.
and its active area was 200 x 320 cm?. The intrinsic time-of-Aight resolution varied
from bar to bar with an average o of 110 psec. The effective light velocity in the

bars was 15.0 £ 0.4 cm/nsec. Both ADC and TDC were recorded for each PMT.
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Figure 2.11: Schematic diagram of BT.




16 CHAPTER 2. EXPERIMENTAL SETUP

2.4.4 Target Sector

The heart of the experiment was the target. In the target area, ¥~ 's were pro-
duced. and then were slowed down by tungsten degrader and captured on hydro-
gen to form (Y¥7.p)atom's- ¥ 's which had the highest probability to stop in the
upper hydrogen target to form (7. p)uom’s Were tagged. These were carried out
by a double vessel target system. tungsten degrader. and silicon detectors. The
whole target system used in the (77, A7) calibration was the same as used in the
H particle production. except that the upper target vessel was filled with liquid
hydrogen in the (7~. A'~) calibration experiment instead of liquid deuterium as
in the H particle production experiment. so that the hyperon stopping efficiency

was calibrated under the same conditions (see below for details).

Target Vessels

As Fig. 2.12 shows. the target was a double vessel target svstem. The lower vessel
was designated the LH2 vessel. and the upper vessel was designated the LD2 vessel.
In the H particle production run. the LH2 vessel was filled with liquid hyvdrogen
and the LD2 vessel was filled with liquid deuterium. However. in the (7#7. A ™)
calibration run, both vessels were filled with liquid hydrogen. The ¥~ s were
produced in the lower LH2 vessel through 7~ +p — £~ + A ~. and the (X7, p)atom's
were formed in the upper LD2 vessel through ¥~ s captured on hydrogen: then the
neutrons were produced through the reaction (£7. p)aiom — n + .\. Both target
vessels were made of aluminum and installed inside a vacuum tight aluminum
container. Because of the short lifetime of the £~ (7 = (1479 £0.011) x 10719 y),
the thickness of the aluminum walls between the two target vessels was minimized.
and the beam height was set as close as possible to the top of the LH2 vessel. in
order to optimize the fraction of ¥~'s captured on hydrogen before they decayed
during flight or stopped in other materials. There were 20 rows of detectors

(the tungsten degraders and the silicon detectors) installed in the vacuum at the
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Figure 2.12: a) Target system of E813. b) Close-up view of target cells.
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boundary between the upper target vessel and the lower target vessel, extending
over the width of the target. As shown in Fig. 2.12, the detector rows divided
the target into units. A unit was called a target cell. Each cell was 3 cm long in
the =-direction. The total length of the target vessels was 68.5 cm. The boundary
between the two target vessels was machined to the shape as shown in Fig. 2.13.
so that it could match with the projected beam waist at around : = =20 ¢m in

the H coordinate system. Fig. 2.14 gives a 3-dimensional view of the E813 target.

Figure 2.13: Boundary between the lower target aad the upper target. arranged
to match with the projected beam waist. Note the difference in horizontal and
vertical scales in this figure.
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Figure 2.14: The ES813 target. The upper target (T2) was filled with liquid
deuterium (LD2) in the A particle production experiment. while filled with liquid
hydrogen (LH2) in the present (7. A ™) calibration experiment.
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Tungsten Degrader

A tungsten wedge was installed in every target cell between the two target ves-
sels to slow the = ’s travelling from the lower vessel to the upper vessel in the
H particle prodiction experiment. so that a maximum fraction of =7's would
stop in the upper deuterium target to form (Z7.d)am s- In the present calibra-
tion experiment. ¥ ~'s passed through the same tungsten wedge. and a fraction of
them stopped in the upper target vessel and were captured by hydrogen to form
(X7.D)atom s- The eleven slabs with a total thickness of 0.29 ¢m were machined
from pure tungsten (density of 19.3 g/cm?). while the angled degrader with thick-
ness of 0.30 cm was machined from hevimet. a tungsten alloy (90% W. 7.5% Ni.
2.5% Cu) with a density of 18.0 g/cm*. These added up to a total of 0.59 ¢m

thick tungsten degrader (see Fig. 2.12 for geometrical details).

Silicon Detectors

One of the main objectives of the (7, A7) calibration experiment was to study the
hyvperon stopping efficiency; therefore, those ¥~ 's which had the highest proba-
bility to stop in the upper liquid hydrogen target to form the (X¥7.p)aom’s were
tagged. This was done by the silicon detectors which were attached to the down-
stream face of each tungsten degrader. seen in Fig. 2.12. The 0.02 c¢m thick
diffused-junction silicon detectors were mounted on conductive crvogenic epoxy
ceramic frames. and placed in vacuum at ~ 20°A". As Fig. 2.15 shows. each sili-
con detector had two wafers. and each wafer contained four 1 x 1 cm? active area
pads. As there were 20 silicon detectors along the target in the z-directiou. and
each silicon detector had two silicon wafers and each wafer had four silicon pads.
there were a total of 160 silicon pads. Fig. 2.16 shows a Monte Carlo simulation
[111} of the efficiencies for £~ stopping in the different materials. As seen from

the diagram, the ¥~ which deposited about 1.25 — 2.25 Me\ energy in the silicon

detector should have the highest probability to stop in the upper hvdrogen target.
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Figure 2.15: Silicon detector and ceramic frame viewed from the downstream end
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Figure 2.16: A 2-dimensional plot of the Monte Carlo simulation for ¥~ stopping
efficiency. The r axis is the energy deposited in the silicon detectors. and the y
axis is material in which the £~ stops. “Cer” represents ceramic.
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2.5 ND Sector

A neutron detector array was located on both the left and the right sides of
the target to measure the time-of-flight of neutrons produced from the reaction
(7. D)atom — A\ + n. As Fig. 2.17 shows. there were a total of 6 lavers of

scintillator on each side of the target.
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Figure 2.17: Top view of the neutron detectors. LV and RV are charged particle
vetoes; LN and RN are the neutron detector arrays.
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The first lavers indicated as LV and RV were lavers of thin scintillator. working
as charged particle vetoes. Each veto layver consisted of 9 pieces of BC408 scintil-
lator with dimensions of 20.3 em wide, 0.95 cm thick, and 182.9 ¢cm high. They
were staggered with 0.94 cm overlap. Each element of LV and RV was coupled to

two RCA 8575 PMTs at both ends via adiabatic light guides.

Laver layer Center(cm) bar dimensions (cm) | Z spacing | light speed
X Y Z DX DY DZ (em) (cm/ns)
RV -90.32 1 0.0 -35.09)0.95| 182.838 ] 20.3 18.42 15.62
RN1 -100.52 ] 0.0 | -38.97 | 5.08 | 182.88 | 15.24 15.88 1.1.90
RN2 | -108.12{ 0.0 | -31.35 | 5.08 | 182.88 | 15.24 15.88 14.90
RN3 | -11592 ] 0.0 | -38.97 | 5.08 | 182.88 | 15.24 15.88 15.50
RN4 | -123.821 0.0 -31.35] 5.08 | 182.88 | 15.24 15.88 15.50
RN5 | -131.52| 0.0} -38.97 | 5.08 | 182.88 | 15.24 15.88 15.31
LV 90.34 [ 0.0-38.32|0.95 | 182.88 | 20.3 18..12 15.63
LN1 100.44 | 0.0 | -34.50 | 5.08 | 182.88 { 15.24 15.88 1-1.90
LN2 108.14 | 0.0 | -42.12 | 5.08 | 182.88 | 15.24 15.88 14.90
LN3 115.84 | 0.0 | -34.50 | 5.08 | 182.88 | 15.24 15.88 15.50
LN4 123.84 | 0.0 | -42.12 | 5.08 | 182.88 | 15.24 15.88 15.50
LN3 131.44 | 0.0 | -34.50 | 5.08 | 182.88 | 15.24 15.88 15.67

Table 2.5: Description of the geometrical structure of the neutron detectors. X. Y.
and Z are the center positions for each layer. DX. DY. and DZ are the dimensions
of each log. The Z spacing is the separation between the centers of the logs within
a layer.

The rest of the layvers indicated as LN’s and RN's consisted of a total of 100
BC408 scintillator nentron bars with 10 bars in each laver. The dimensions of each
neutron bar were 15.24 ¢m wide. 5.08 ¢cm thick. and 182.88 cm high. Each neutron
bar was mounted with an Amperex 2262 PMT via trapezoidal light guides. one
at each end. The pulses from each PMT were discriminated by a CFD (Phillips
715) and read into a Fastbus Kinetics F432 TDC to give the timing information.

The threshold of the discriminator voltage was 50 mV. which corresponds to 0.25
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MeV,. light output (1 MeV is the equivalent light output for an electron to
deposit 1 MeV of energy). The relative y position on the neutron bar. where a
neutron hit. could be calculated from the time difference registered by PMTs on
both ends of the neutron bar. while z and z positions of hits were estimated to be
the center of the neutron bar which was hit. The mean time of the TDC’s from
the PMT’s at both ends of a neutron bar combined with IT information was used
for the neutron time-of-flight measurement. Table 2.5 gives more detailed geo-
metrical information about the neutron detectors. The neutron detectors covered
an average solid angle about 0.21 x 4 sr in total. Fig. 2.18 gives a 3-dimensional

view of the neutron detectors.
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Figure 2.19: Monte Carlo simulation of the neutron detection efficiency. nyvp =
Q X zyp. where € is the total solid angle of the neutron detectors. and zyp is
the neutron detector efficiency. The three plots correspond to the light output
thresholds of 1 MeVee. 3 MeV.. and 5 MeV,,. respectively.
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The neutron detection efficiency nnp is defined to be the neutron detector’s
solid angle Q2 multiplied by the neutron detector efficiency zvp: nvp = Q2 X cvp.
This was simulated by the DEMONS Monte Carlo program[116]. The simulated
efficiencies for light output thresholds (electron-equivalent energy thresholds) of
1. 3 and 5 MeV,, are shown in Fig. 2.19. For different light output thresholds.
the nentron detection efficiencies versus the neutron energy are different. The
electron-equivalent energy is dependent on the light produced mostly by charged
particles from neutron-induced inelastic reactions on '2C in the scintillator. such
as (n,p). (n.np). (n.«e), (n.3c¢) and so on; it is a function of those neutron-induced
charged particle energy distributions which are relative to the inelastic reactions
which produced them [117]. The neutron detection efficiency is directly dependent
on the cross sections of the neutron-induced reactions. Therefore with different
electron-equivalent energy thresholds. the behavior of the neutron detection effi-

ciency is different.
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2.6. DATA ACQUISITION

2.6 Data Acquisition

The triggers are predetermined conditions used to select the events of interest
while rejecting uninteresting background events. If any of the trigger conditions
was met, the data were processed by the data acquisition system and recorded on
8mm magnetic tape for off-line analysis. The trigger logic and data acquisition

are described in more detail below.

2.6.1 Triggers

There were two levels of triggers used in the experiment. The first level trigger was
developed in hardware. by sending discriminated signals from various detectors
to the electronics modules and performing logic combinations with these signals.

The second level trigger was formed in software.

First Level Triggers

The first level triggers were constructed with discriminated signals. The dis-
criminated signals. from scintillator hodoscopes (IT. FP. and BP). the Cerenkov
detectors (IC. FC and BC), and silicon detectors (SI). were sent to Nuclear In-
strument Modules (NIM) where the logic operations were applied. If one or more
than one combination of these signals satisfied certain conditions. the correspond-
ing triggers were formed. Table 2.6 describes the conventions used in the trigger
definitions in Table 2.7, and Table 2.7 summarizes the trigger logic. In Table 2.7.
[C, FC. and BC are defined as the discriminated signals of the analog sum of
all PMTs viewing the aerogel radiators; [T. BP. and SI are the “.OR.” of their
elements. Because of data acquisition system dead time, the trigger rate had to
be reduced by a prescale factor before events were recorded on tape. The choice
of the prescale factors were dependent on how important a given trigger was. and

how busy the data acquisition system was for a typical primary beam spill from
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the AGS. For example. in the (#~.A ") calibration. the prescale factor of the
PIKS trigger was set to be 1 because it was most important. and the prescale
factor of the PIBEAM was set to be 1 x 10° as it was less important. i.e. every
event satisfving the PIKS trigger was recorded on tape while only one in 10° of the
events satisfving the PIBEAM trigger was recorded. The trigger prescale factor

combinations are listed in Table 2.7. The actual fraction of triggers written to
the tape was the data acquisition live-time, which was about 85%-90%. divided
by the prescale factor. The PIKS trigger was a subset of the PIK trigger with
one of the silicon detector pads being fired. In other words. a fraction of PIK
triggers would also become PIKS triggers whenever any of the silicon detector
pads had signals which passed a threshold of ~ 30 m\V. The PIKS trigger was
the most efficient trigger for identifving the creation of ¥~ 's through the reaction

7 +p— Y7 + A" with £¥7’s stopping in the upper target.

Symbols definitions
AND.
t4" OR.
D NOT.D

BEAM | FP1I3+FP14+FP15+FP16

NBEAM FP1+--.- +FPI12
BT, BTI7+--- +BT24
BT, BT28

Table 2.6: Conventions used in the trigger definitions in Table 2.7. A detector’s
name with a digital number « represents the a’th element of this detector. For
example, FP13 is the 13th element of FP.
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trigger definition typical value
counts/spill | prescale factor

PIBEAM [T-IC 3.7 x 10° 1 x 10%

KBEAM IT-IC 6.3 x 10° 1 x 103

KSCAT | NBEAM -BEAM - BP - (FC + BC) - -

PISCAT | NBEAM - BEAM - BP - (FC + BC) - -

PIK PIBEAM - KSCAT 3.4 x 103 2 x 102
PIPI PIBEAM - PISCAT 3.8 x 10° 2 x 10°
ITBT IT - (BT, + BT,) 6.6 x 10° 1x 10*
PIKS PIK - SI 160 1

Table 2.7: Definitions of triggers. The counts/spill and prescale factors are the
typical values with 1.2 x 10!? primary protons/spill on the production target. The
conventions used in the trigger definitions are described in Table 2.6. PIBEAMI
is a trigger to identifv the incoming 7 ’'s from the beamline; KBEAM is a trigger
to identigy the incoming A ~’s from the beamline: KSCAT is a trigger to identify
the scattering A ™'s; PISCAT is a trigger to identify the scattering = 's: PIK
is a trigger to identify the incoming 7~ and the scattering A~ events: PIPI is
a trigger to identify the incoming 7~ and the scattering 7~ events; ITBT is a
trigger to identifv the events which the incoming particles hit IT and the scattering
particles hit BT; PIKS is a trigger to identify the ¥~'s produced from the reaction
7~ +p — X + K~ that passed through the silicon detectors.
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Second Level Trigger

The second level trigger was an online software trigger. When a 7~ beam was
delivered to the lower hydrogen target to produce £~ ’'s through the #7 +p —
¥~ + A~ reaction. there was also 7~ +p — 7~ + p scattering taking place with the
knock-on protons traversing the spectrometer. Most of the events which satisfied
the PIK trigger were actually (7. p) scattering events. In order to further reduce
the trigger rate due to this process. we rejected the proton events by using a
second level trigger. The second level trigger was formed by an online computer
discriminating the kaons from protons by difference in time-of-flight for a certain
momentum. The bottom half of the FD3 y-y’ planes were segmented to give
16-bit information on vertical hit positions within the magnet. and v positions
of the particle after the magnet were roughly estimated by which BT element
was fired. as BT elements were arranged horizontally. Certain combinations of
vertical position information from both FD3 and BT indicated the momentum of
the particle and the path length. For the (7. A~) calibration run. the typical
momentum of an outgoing A~ was about 0.85 Ge\ /¢ and the path length was
approximately 800 cm. Therefore. with a given combination of vertical positions
from FD3 and BT (indicating the same momentum and path length), the typical
time-of-flight separation between kaons and protons was about 5 nsec. As a result.
knock-on protons were discriminated from kaons by applying a cut on the time-of-
flight of the particles for a given vertical position combination. The time-of-flight
was based on [T and BT timing information by using the LeCroy FERA/FERET
TDCs with 0.050 nsec resolution. The FERA/FERET TDC system was chosen
because of its fast digitization time. [t took about 150 usec to finish digitization of
one event while Fastbus TDC (in which all other detector signals were digitized)
needed about 600 usec. This allowed FERA/FERET to have enough time to
make decisions and to pass the information back to the data acquisition system

for the event readout or rejection. With the second level trigger. about 78% of
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Figure 2.20: Logic diagram of the data acquisition process.

unwanted protons were rejected. The live-time of the data acquisition was about

85%-90% during the whole period of the (7. A7) run.

2.6.2 Data Acquisition Process

Fig. 2.20 shows the data acquisition process for a typical analog signal. The
analog signals were split into two. One went to a Fastbus ADC for analog to
digital conversion, the other went to a discriminator then to a Fastbus TDC for the
time to digital conversion, while the master trigger blocked further events coming
through before the ADCs and TDCs completed their digitization and readout.
During the time when first level trigger conditions were being tested. all the
detector signals were appropriately delayed to allow the first level trigger decision
to be made. If not aborted by the second level trigger, the digitization process was

completed. and all the ADCs, TDCs and trigger state information were stored in
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a VME input/out buffer. One of the VME-based microprocessors, FICL. would
then pass the data from the buffer to another VME-based microprocessor. FIC2.
where the information was reformatted. Once the raw event buffers were built.
the data was written to an Exabyte 8mm tape drive, and in the meantime a
sample of data was passed to a VAX computer through a dual-ported Q-bus/VME
memory for on-line analysis. The sample of data would also be transferred from
the host computer to other workstations linked through Ethernet. The on-line
data were monitored and analyzed by a software package called the Interactive
Data Analyzer (IDA). A detailed description of analysis package. IDA. can be
found in ref. [118].

In order to monitor and change the high voltages during the data collection. a
high voltage control program. called HVOLT was running all the time to control
the LeCroy 1440 high voltage mainframes via a terminal line (LTA3:) connected
to a serial CAMAC crate controller (KS 3989). which interfaced to a daisy-chain
of 1440 mainframes via an interface module (LRS 2132). Each 1440 mainframe
contained a memory of “demand” values for its 256 channels. The program could
read and write demand values, as well as read the “actual” or “measured” values
for each channel. The high voltages could be changed according to the needs. and

were monitored on-line.

During the data collection. a foor check was carried out every eight hours
to make sure the gas bottles were not empty and all the electronics and other

instruments were working properly.

There were several different data sets collected before and after the experi-
ment, in order to calibrate the detectors. such as the timing detectors. the silicon

detectors. and the neutron detectors. Some details are discussed in chapter three.




Chapter 3

Data Analysis

In this chapter, the data analvsis procedure is outlined. First. calibrations of
detectors and time-of-flight measurements are discussed. Second. ¥~ 's produced
from the 7 ~+p = £~ + A~ reaction are identified. and a subset of data is created
by only selecting useful events from the raw data files. so that the reduced data
can be a manageable size to be put on disk for analysis. Third. tags are applied to
Y ~’s which have the highest probability to form (X 7. p)atom 's. and tighter cuts are
applied to reject background and to ensure high efficiency of (X7 . p)atom formation.
Finally, the neutron spectrum. expected to contain a 43.5 Me\ monoenergetic

neutron peak in coincidence with (£, p)aom formation. is discussed.

3.1 Calibration

Certain important detectors and time-of-flight measurements were calibrated. so
that the relevant quantities constructed from them could be used for analvsis.

These processes are discussed in the following sections.

63
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3.1.1 Time-of-flight Calibration

There were four time-of-flight (TOF) measurements in this experiment. The first
two were in the beam line sector; one was from MP to MT with 0.1 m straight
path length. and the other was from MT to [T with an approximately 14.3 m
curved path length. as shown in Fig. 2.4. The third was between IT and BT in
the 48D48 spectrometer. with about an 8.7 m curved flight path (shown in Fig.
3.1). The fourth was between the target and the neutron detectors (shown in Fig.
2.17). During the 5 weeks of data collection. the time-of-flight offsets in the 18D48
spectrometer shifted several times due to bad cable connections and grounding
or some other as vet unexplained reasons. The time-of-flight calibrations were
therefore extremely important and needed to be done on a run by run basis.
Beam particle 7~’s were used to normalize the time-of-flight (TOF) information
in the beam line (MT-IT and MP-MT); while protons. which were the dominant
component of the scattered particles. were used to normalize the TOF information

in the 18D48 spectrometer (IT-BT).

Time Reference IT Calibration

The timing information of all detectors was recorded in TDC’s as the number of
channels between a “start” signal and a “stop” signal. As described in chaprer 2.
the four elemeut scintillator detector IT served as the timing start. [t provided
a time reference for all the time-of-flight measurements and other measurements.
The four IT elements were calibrated first. so that each of them gave the same
start time if they were hit at the same time. Because the [T elements were
oriented vertically, and the BT elements behind the spectrometer were oriented
horizontally. one of the most favored BT elements. where most of scattered par-
ticles passed through. was chosen as a reference for the IT calibration. In this
case, the 18" BT element was chosen. By using the 7~ 4+ p — 7~ + p scattering

events with protons passing through the 48D48 spectrometer. as shown in Fig.
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3.1. the measured TOF was calibrated against the predicted TOF calculated from

the measured path length and momentum. according to:

ATOF[T;_BTW = TOF,T;_Bsz(mea) - TOFIT'—B’I‘“’ (pTG). (3.1)
where ¢ = L..... 4. TOF;r_gris(mea) was the measured time-of-flight of the
7~ from the i** element of IT to the reaction vertex of 7~ + p — 7~ + p plus

the TOF of the scattered proton from the vertex to the 18 element of BT. and
TOF 7._gris(pre) was the calculated time-of-flight from the i** element of IT to
the 18 element of BT for the same event by using the measured momentum and
path length. Fig. 3.2 shows the difference between the measured and predicted
time-of-flight from each 1T element to the 18" element of BT before and after [T
calibration. An offset was added to each [T element so that each segment of the

histogram after calibration was aligned at zero.

scottered protons

48D48 Dipole

Figure 3.1: Reaction 7~ + p — 7~ + p used for IT and BT timing calibration.
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Figure 3.2: Histograms used for IT timing calibration. Shown are the I'T detector
number versus the differences between measured and predicted TOF for the inci-
dent 7 's and the scattered protons from each IT element to the 18 element of
BT. The upper plot is the spectrum before IT calibration, and the lower plot is
after I'T calibration. Individual timing offsets have been added to the ATOF value
of each IT element in the calibration to align all four segments of the histogram
at TOFpeq — TOF,re = 0 ns.
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Beam Line TOF Calibrations

In the beam line sector. the time-of-flight from MT to [T was used to identify the
beam particles by combining it with the beam momentum measurement. After
the time of IT was calibrated. a histogram was generated with the time-of-flight
from each element of MT to IT. As Fig. 2.4 shows. the distance from MT to IT
is approximately 14.3 m. For 1.4 GeV/c 7~ beam particles, the timing offsets of
each MT element were determined so that 7 ~'s travelling through approximately
1-1.3 m distance from each MT element to [T had the same relative time-of-flight.

Fig. 3.3 is a histogram used for the MT timing calibration.
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Figure 3.3: Histogram illustrating the MT timing calibration. Shown are the
MT detector numbers versus relative time-of-flight of 7 7's from each MT element
to IT. Individual timing offsets have been added to each MT element so that
1.4 GeV/¢ 7~ beam particles travelling from each MT element to IT have the
same relative time-of-flight. Relatively few particles passed through MT detector
elements 1. 8. and 9.

As mentioned earlier, MP was used to measure the beam particle z position
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Figure 3.4: Histogram illustrating the MP timing calibration. Shown are the
MP detector numbers versus relative TOF of #~'s from each MP element to MT.
Individual timing offsets have been added to each MP element so that 1.4 Gel'/c
7~ beam particles travelling from each MP element to MT have the same relative
time-of-flight. The missing 56th channel is due to a scintillator element having no

signal output.
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in the mass slit area in order to calculate the beam momentum. When multi-
ple elements of MP were fired, however. the valid MT hits were examined first
by requiring the MT to IT time-of-flight to be consistent with a 1.4 GeV/¢ 7~
travelling through a 14.3 m distance. Then the valid MP hits. which were geo-
metrically consistent with the valid MT hits. were determined. If multiple MP
hits were valid. the best MP hit was chosen by selecting the smallest MP to MT
time-of-flight. Therefore. the time-of-flight from MP to MT also needed to be
calibrated. The relative locations of MP and MT are shown in Fig. 2.4 in chapter
two. With a calibrated MT. a histogram was generated with time-of-flight from
cach MP element to MT. Fig. 3.4 is the histogram used for MP timing calibra-
tion for a single run. The timing offsets of each MP element was determined by
aligning all the segments of the histogram at zero, so that 1.1 Ge\'//c #~ beam
particles flving from each MP element to MT with a 10 ¢em straight path length

would have the same relative time-of-flight.

Spectrometer TOF Calibration

As the time-of-flight of I'T-BT in the 18D48 spectrometer was used for the sec-
ondary mass calculation in order to identify the scattered particles. the IT-BT
time-of-flight calibration was very important. After [T was calibrated. the mea-
sured TOF’s from IT to each BT element were calibrated against the predicted

TOF's, using the same method as the [T calibration (see Fig. 3.1):
ATOFyr g = TOFr_gr(mea) — TOFir_gr(pre). (3.2)

where i = 1,....40. The predicted time-of-flight from IT to the i** BT element.
TOFr_gr(pre). was calculated from the measured momentum and the flight
path length, assuming the incident particles to be 7~ 's and the scattered particles
to be protons. Fig. 3.5 shows the time difference between the measured and

predicted time-of-flight from IT to each BT element before and after the BT
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Figure 3.5: Histograms used for BT timing calibration. Shown are the BT detector
numbers versus differences between measured and predicted TOF from IT to each
element of BT, assuming the incoming particles to be 77's and the outgoing
particles to be protons. The upper plot is the spectrum before BT calibration.
and the lower plot is after BT calibration. An individual timing offset has been
added to the ATOF value of each BT element in the calibration to align all 10
segments of the histogram at TOF,eq — TOFpre =0 ns.
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timing calibration. Each BT element has been assigned a timing offset so that
the difference between measured and predicted time-of-flight is zero after the

calibration.

3.1.2 Time-of-flight Resolution

In the beamline spectrometer. the resolution of the TOF from MT to IT was
obtained directly from a Gaussian distribution plus a flat background to fit the
relative TOF for 7 's. shown in Fig. 3.6. The fHat curve represented the random
background events. The TOF resolution for the beamline was determined by the

a of the Gaussian, found to be 0.258 ns.

lllll]ITII¥IIITIIl]TIiI

Figure 3.6: Plot of relative TOF of 7 ~'s from MT to IT. The solid curve is the sum
of two curves, a Gaussian (the dashed curve) and a flat background (the dotted
curve), that fit the spectrumn. The TOF resolution of beamline was determined
by the # of the Gaussian.

In the 48D48 spectrometer, the resolution of the TOF from [T to BT was

obtained from a two Gaussian fit to the TOF difference between measured and
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=1
(8]

calculated values for the 7~ +p — 7~ +p events. as shown in Fig. 3.7. The reason
for the two Gaussian fit was to account for the large angle multiple scattering. This
would smear the track reconstruction and momentium measurement. which caused
a broad Gaussian background underneath the good (7. p) scattering events. The
TOF resolution. o. determined by the narrow Gaussian in the fit. was found to

be 0.263 ns for the 48D48 spectrometer.
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Figure 3.7: Plot of difference between measured and predicted TOF from IT to
BT. assuming the incident particle to be a #~ and the scattered particle to be a
free proton. The solid curve is the sum of two Gaussians shown as a dashed curve
and a dotted curve. The narrow Gaussian peak corresponds to the 77 ’s scattering
with the free protons, and the broad Gaussian peak corresponds to background.
The TOF resolution. . was determined by the narrow Gaussian peak.

3.1.3 Silicon Detector Calibration

In this experiment. the signature of the reaction (¥7.p)atom — 7 + .\ was the

detection of 43.5 Me\ monoenergetic neutrons in coincidence with the formation
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of (7. D)atom’s. (7. P)atom s were formed by £ s being stopped and captured
on a hydrogen target, and stopping Y ~'s were tagged by their energy deposited
in the silicon detectors. Therefore, the silicon detectors playved an important role
in the stopping £~ s identification, and calibration of the silicon detector signal

pulses was very important.

By measuring the pulse height in an ADC for each silicon pad. the energyv

deposited in the pad could be calculated from:
51 = Goeratt X Ck x Clpppg X (ADC* = PH(w)). (3.3)

Where ¢: = 1.2..... 160 is the index of the silicon pads; j = 1.2..... 40 is the index
of the silicon wafers. E%, is the energy deposited in the i** silicon pad. P*(w) is
the pedestal' position of the i** pad, which is 60 Hz phase dependent. ADC" is
ADC information of the i** pad. C&pha is the energy gain calibration constant
for the i** silicon pad obtained from alpha source measurements made before the
silicon detectors were installed in the target. C% is the calibration constant for the
J'" wafer containing the i** silicon pad, calibrated by (A ~.p) elastic scattering.
G overar 18 the overall gain of the silicon detectors. The calibration of the silicon

detectors is to determine P*(w). C% and Gouerant-

The Pi(w) Calibration

The pedestals of the silicon detector ADC’s showed a 60 Hz phase dependence.
picked up from power lines. The ADC pedestal positions were calibrated by
plotting 60 Hz phase versus ADC channel for each silicon pad. without any TDC'

requirement. Then these plots were fit with the functions:

PH(w) = 4o + A cos(w + Az) + Agsin(w + Ay) - sin(2w + Ay). (3.4)

'Pedestal: the pedestal is the counts given by the ADC (analog to digital converter) when
no input signal is present. The pedestal is due to a built-in dc offset.
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where Aq. -~~~ -y are fitting parameters (time independent) determined from the
calibration. and w is the 60 Hz phase. Fig. 3.8 shows a histogram used for the

calibration.

2.0m

1.0

60Hz Phase

420

ADC Channels

Figure 3.8: The 60 Hz phase dependence of a pedestal for a single silicon pad.
The solid curve is a fit to the pedestal with the function (3.4).

Relative Gain CJ Calibration

K~ +p — R~ +p elastic scattering was used to calibrate C ;’3 This was a relative
gain calibration for each silicon wafer. As described in chapter 2. each silicon
wafer contained four 1 cm x I em x 200 pm (z X y x =) silicon pads. Since the
silicon pads within the same wafer had a similar thickness, they were treated as
one group. As Fig. 3.9 shows, 1.8 GeV'/c A ~’s interacted with the protons in the
hydrogen target. Forward scattering protons struck by A ~’s then passed through
the 48D48 spectrometer, while the A ~’s were scattered backward and passed
through the aluminum walls between the two target vessels and then traversed

the silicon detectors. The energy and angle of the scattered A ~’s were calculated
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Figure 3.9: Schematic plot for a (A . p) elastic scattering event used for the silicon
detector calibration.
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by using the momentum and tracking information for the incoming A ~’'s and
outgoing protons. After subtracting the energy loss in the aluminum walis. the
energy deposited by A 7’s in the silicon detectors was predicted. The normalized
energy deposited in the silicon detectors was defined as follows:

_ Egi(measured)

Erorm = , 23
Esi(calculated) (3.3)

The normalized energy deposited in each silicon wafer was histogrammed. The
C% were adjusted to align the peaks of these histograms. so that the gains of the

silicon wafers are relative to each other.

Overall Gain G, erqu Calibration

After the relative gain of each silicon wafer was calibrated. the overall gain of
all the silicon wafers was calibrated by comparing the measured deposited energy
distribution of A ~’s from elastic A ~ — p scattering with a Monte Carlo simulation.
shown in Fig 3.10. According to a theory of the energy loss distribution for thin
absorbers [119]. the energy deposited by the A ~’s in the silicon detectors follows
a Vavilov distribution. and this distribution shape varies strongly depending on
the energy deposited. Therefore. the deposited energy distribution is a sum of
many Vavilov distributions.

In order to properly model this energy deposited distribution. a measured
proton angular distribution was used in the Monte Carlo simulation as there is
a strong correlation between energy deposited by A ~’s and the scattering angle
of the protons. [n addition. the energy loss and straggling of the A ~'s as thev

passed through the aluminum walls were also taken into account.

To compare the measured energy deposited distribution with the Monte Carlo
simulation result, there are two points that have to be kept in mind. The first is
the energy range of the comparison. [t is difficult to simulate the high deposited

energy region due to the events in which the A ~’s stop in the silicon detectors with
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Figure 3.10: Distributions used in the silicon detector overall gain calibration. The
upper plot is the distribution of measured energy deposited in the silicon detectors.
and the lower plot is the Monte Carlo simulation result for the same distribution.
The overall gain parameter of the silicon detectors. Guerau. and the width of the
gain misalignment. g;. were calibrated bv comparing the distributions of the data
(the upper plot) to the Monte Carlo result (the lower plot).
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the possibility of a large energy transfer in a single collision. which the Vavilov
distribution does not fit well. On the other hand. the measurement in the veryv
low deposited energy region is not very accurate because it is near the threshold
of the detectors. Therefore. both very low and verv high deposited energy regions
should not be included in the comparison. The second point is the random error
in the relative gain (C'%) calibration. This gain misalignment is assumed to follow
a Gaussian distribution with an unknown width. ;. Therefore, each bin in the
Monte Carlo distribution of energyv deposited should be smeared by a Gaussian
distribution with width 6g = o0 X Es; (Es; is the energy deposited) to count for
the relative gain misalignments.

The least-y® method was used to find the overall gain and the width of the

unknown relative gain misalignment. The definition of \? is:

s B (n(D) — ni(M))2
2 _ 1 T\« 3.6
\ ; D) (3.6)
and the goodness-of-fit is defined as [120}:
LG %) -
Q= 272 3.
Q) (3.7)

where Vg is the number of bins within the range of comparison for the deposited
energy. n;(D) is the number of counts in the i*® bin of the measured deposited
energy distribution, 7;(M) is the number of counts in the i*® bin of the Monte
Carlo distribution. and v = .Vg — 2 is the number of degrees of freedom for the
fit.

An iterative procedure was applied to minimize x? to determine the best overall

gain, Goueran: and the width of gain misalignment. g;. The steps are outlined

below.
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1. Normalizing the Monte Carlo distribution: The Monte Carlo distribution
was normalized so that the total counts in the Monte Carlo distribution were

the same as the total counts in the measured deposited energy distribution.

2. Determining deposited energy comparison range: Because both very low
and very high energyv regions should be excluded in the comparison of the
data to the Monte Carlo distribution, the low and the high edges of the

comparison range were determined by maximizing the goodness-of-fit. Q.

3. Determining the overall gain: With different overall gain inputs. the y*'s
were calculated by comparing each modified data distribution to the Monte

Carlo distribution. Then the gain factor with the minimum y? was found.

4. Finding the width of the gain misalignment: Using the gain factor which
has a minimum \? from step (3) to obtain a modified data distribution. and
smearing the Monte Carlo distribution with different inputs of the width of
the gain misalignment, o¢. x*’s were calculated by comparing the modified
data distribution to each smeared Monte Carlo distribution. The width of

the gain misalignment with the minimum x? was found.

5. Testing if there is a better x?: Smearing the Monte Carlo distribution with
the width of the gain misalignment, which has the minimum \? found in step
(4). was used as a new Monte Carlo distribution: the process was repeated

starting from step (3) until the minimum y? was obtained.

3.1.4 Neutron Detector Calibration

Another kev component of the experimental apparatus is the neutron detector
arrays (ND). The neutron signal pulse heights were nsed to reject background
events in the neutron spectrum. For a hit on the i** neutron detector element,

the energy deposited is defined by the geometric mean of the ADC’s connected to
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the PMT’s at both ends of the log:

Exp = \/Ci(ADC: — PH)Ci(ADC} — Pf). (3.8)

The subscripts. a and b. used in equation (3.8) indicate ADC information from
bottom (a) and rop (b) PMTs at each end of the neutron log. P} and P} are ADC

pedestals. and C? and C} are gain parameters of the i* log. The motivation for

Figure 3.11: Scintillator log of length L with “PMT a” and “PMT b” at each end.
A particle passes through it at position y.

using the geometric mean of the ADC’s from the both ends of the neutron log
to define the pulse height was to eliminate the hit position dependence. When
a neutron passes a scintillator of length L at the position y. it knocks off the
charged particles in the scintillator through elastic or inelastic scattering. Then
the charged particles excite the atoms in the material and the deexcitement of

atoms causes scintillation light. As shown in Fig. 3.11. the light collected by
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“PMT a” is:
L .
Es x Eqexp (—(5 + y)/lo) (3.9)

where E; is the light generated by the particle at the position y. and [, is the

effective attenuation length in the scintillator. The light collected by “PMT b” is:
L .
Ey x Egexp (—=(5 — y)/lo)- (3.10)

As seen from the above equations. both £, and E, are dependent on the hit

position y. The geometric mean of £, and Ej is:

E=VE, E xEy/exp(=(5+y)/l) exp(=(5 = y)/b) @.01)

= Ey\/exp (“é

—

which is independent of y. Therefore. the geometric mean eliminates the position

dependence.

The TDC information from the neutron detectors can be used to measure the
time-of-flight and to determine the y position of the hit in the neutron detectors.
If a particle hits the i** neutron log. the time-of-arrival is defined as:

; TDC: +TDC;

Np = - 5 _T(;—Iw([‘ or R)- (312)

where «« = 0.025 ns is the conversion of TDC channel index to time. 7§ 1s a
th

calibration constant for the mean time measurement of the ** log, and 7; and T
are the overall timing offset for the left and right neutron arrays. The time-of-flight

1s defined as:
TOFxp =TYp — Tit — TOFyeam. (3.13)

where T is the start time measured by the scintillator detector IT, and TO Fyeam

is the time-of-flight of the beam particles from [T to the vertex in the target, where




82 CHAPTER 3. DATA ANALYSIS

the reaction 7~ + p — £~ + A~ took place. The latter can be calcnlated from
TOFeeam = '—=TL1 where z,., and z;7 are the = positions of the vertex and I'T
counter respectively. and v is the velocity of the beam particle.

From TDC information of the PMTs on both ends of the neutrou log. the y

position where the neutron log was hit can be calculated. according to:

: TDC! - TDC} — Tk
Yn = Y;C‘*nt . ( a = b dﬁff) + Yo- (314)

where vl is the measured effective speed of light in the i* log, T}, is the
calibration constant of the time difference between both ends of the log. and ¥ is

the y position of the center of the neutron bar.

As seen from the above discussion. both the TDC’s and the ADC’s of the
neutron detectors need to be calibrated in order to determine the values of the

timing offsets. T, and Tj. and the gain parameters. C; and C .

ND Timing Calibration

In order to calibrate the neutron detectors. two sets of cosmic ray data were col-
lected before and after the experimental run. Figs. 3.12 and 3.13 show orthogonal
views of the measurement setup. For these tests, both left and right side neutron
arrayvs were lowered and placed on the floor. A pair of long narrow scintillation
counters was placed perpendicularly across the center of the neutron detector logs.
with one at the bottom and the other on top of the neutron array, to define a
trigger for cosmic rays traversing all layers of the neutron array at the center of
the logs. The timing difference parameters T, and relative time parameters T}
can be calibrated by these cosmic ray events. while the overall offsets T, and T

can be calibrated by another data set described later.

For the cosmic ray events which traverse the neutron detectors at the centers

of the logs, the time difference between the two PMTs at each end of each log
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Figure 3.12: Side view of the neutron detector cosmic ray calibration setup. The
neutron arravs were laid on the floor; the cosmic ray traversed all layers of the
neutron array at the center of the logs.
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Figure 3.13: Side view of the neutron detector cosmic ray calibration setup. at
90° to Fig. 3.12.
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should be zero. The time difference parameters. T fp were therefore adjusted so

that this condition was satisfied.

Cosmic! Cosmic 2

Layer 1
Log 0 \ . Log 1l /
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Figure 3.14: Selection of cosmic ray events used in the calibration of neutron
detector relative time offsets.

In order to calibrate the relative time parameters Ij. the “cosmic 17 and
“cosmic 2" events which had the desired orientation across the logs were selected.
As shown in Fig. 3.14. “cosmic 17 passed through the same numbered log on odd
layers and the neighbour log on even layers. and “cosmic 2" passed through the
same numbered log on both odd and even layers. The time-of-flight for “cosmic
1" and “cosmic 2" from the first ND layver to the second ND layer should be the
same. By histogramming the time-of-flight between the first and the second ND
lavers for “cosmic 1™ and “cosmic 27 events. the relative time offset between the
0% log and the 1% log of the first layer was determined. The same procedure was
applied to the 1° log and the 2™¢ log of the first ND layer. and so on. until all
the logs on the first laver were calibrated. Once the first layer was calibrated.
it was used as a reference, and the time offsets of logs in the remaining lavers

were calibrated by aligning the times-of-flight between the first layer and all other
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lavers based on the measured distance. The left and right neutron arrays were
calibrated individually.

The overall time offsets. T; and Tg. were calibrated with the A~ decay data
set. With the neutron detectors placed in the normal experimental locations. the
magnetic field of the {8D48 was reversed so that it bent the negative charged
particles up and positive charged particles down. A 1.8 GeV/¢ A~ beam was

delivered to the empty target. This was followed by the reactions:

K - o +x-
i (3.13)
7 5 y+v (r=(84+0.6) x 107!7s. R = (98.798 + 0.032)%)

Because the lifetime of the 7° is (8.4 £ 0.6) x 107'" s and the branching ratio
of the reaction 7 — v + ~ is (98.798 £ 0.032)%. most of the #°’s decayed into
2 ~'s as soon as thev were produced. The vertex of #° — v + v was therefore
assumed to be the same as the vertex of A~ — 7% + 7~. By identifving the
K~ with the beamline spectrometer and identifving the outgoing 7~ with the
18D48 spectrometer. the reaction A -~ — 7% + 7~ was identified and its vertex was
reconstructed. The time-of-flight for ~’s prodiced from the 7 — ~ + ~ reaction
was measured by the neutron detector arrays. Because the flight length of the
~ could be calenlated accurately from the production vertex (assumed to be the
same as the vertex of the A~ — 7% + 7~ reaction) and the hit position on the
neutron detectors, the time-of-flight for the ~+ was also obtained using the speed of
light and the flight length. The overall timing offsets. T; and 1. for the left and
right neutron arrayvs were determined by assigning the difference of time-of-flight

for those v events between measurement and prediction to be zero.

Electron-equivalent Energy Calibration

The cosmic ray data described earlier can also be used to calibrate the electron-

equivalent energy deposited in the neutron detectors. As Fig. 3.12 shows, only
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events which traversed straight through the center of the neutron logs were se-
fected. In this condition. the PMTs on both ends of each log should collect the
same amount of light. Since cosmic rays are primarily minimum ionizing muons.
at normal incidence. cosmic rays should deposit about 10.5 Me\ of energy in each
5.08 ¢m thick neutron log. According to equation (3.8). the gain parameters of

the PMTs for each neutron log can then be determined from these cosmic ray

data:
. 10.5 : 10.5 .

3.2 Identification of ¥~ Production

As described in chapter 2. the events which satisfied the PIKS trigger were
the most efficiently selected data subset for the identification of ¥ s produced
through #~+p — £~ + A~ and had high probability to form (£7. p)atorn 's. There-
fore only events which satisfied the PIKS trigger were studied. Both incident 7~
and scattered A~ were identified. and their momenta were calculated from the
time-of-flight and trajectorv measurements. Then the ¥~ 's were identified by

making cuts on the missing mass spectrum. The details are described below.

3.2.1 Beam Particle Analysis

The Cerenkov detector (IC) signal in the PIKS trigger distinguished 7~ 's from
other beam particles to first order. with an average -’Tlé ratio of 1.7 x 1073, Further-
more, particles with different mass but with the same momentum (at 1.4 Ge\'/c)
travelling from MT to IT should have different flight times. For a fixed momen-
tum. the lighter a particle is. the shorter its time-of-flight is. Fig. 3.15 shows

the distribution of the MT-IT TOF created from the raw data®. In the plot. the

*Raw data: this is the data set without any cuts except the PIKS trigger.
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bigger peak is the 7~ peak. and the small bump on the longer time-of-flight side
is the A~ peak because the mass of the A~ is heavier than the #7. A cut on
the relative time-of-flight was made as —2 < TOF < 2 ns to reject lighter and

heavier particles from 7 ’s.
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Figure 3.15: Histogram of relative time-of-flight from MT to IT. generated from
the raw data. The arrows indicate the cut made in the analysis. The big peak is
the 7~ peak and the small bump on the longer time-of-flight side is the A~ peak.

For the incident particle. its x position was measured by MP in the mass slit
area, and its r and y positions were measured by three ID chambers in the incident
area. The trajectory of the beam particle before entering into the experimental
target area was reconstructed by a linear least-y? fit to the ID hits. The momen-
tum of each beam particle was calculated using a second order matrix. which was
determined by the code TRANSPORT ([113]. through dipole D3 using r informa-

tion from MP and the trajectory information from the ID chambers, as shown in

Fig. 2.5.
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3.2.2 Scattered Particle Analysis

Trajectory and Momentum

The trajectory of each scattered particle was measured by 3 drift chambers (FD’s
and BD’s) in the 48D48 spectrometer. The positions of hits on each drift plane
were calculated from the wire positions and drift time measurements. With a
maximum of two drift planes allowed to be missing. the track of the scattered
particle before entering the 48D48 magnet was reconstructed by fitting a straight
line to all the hits on the FD1 and FD2 chamber planes. and the track of the scat-
tered particle after traversing the magnet was reconstructed by fitting a straight
line to all the hits on the BDI and BD?2 chamber planes. The non-interacting
beam particles were rejected by excluding the tracks through FDI1 and FD2 at
small angles and those passing through FDI near the projected position of the

beam particles. FD3 was not used in track reconstruction at this stage.

After the reconstruction of the tracks of the scattered particle in the front
and back of the magnet. the r and y positions on the nominal central plane of
each drift chamber were then calculated from the fitted tracks. These results were
then passed to a routine called PEANUT ([68] to calculate the momentum and
path length of the scattered particles. The method used in PEANUT is similar to
TRANSPORT [113]. The difference is that the whole region of acceptance of the
48D48 spectrometer was divided into 1440 regions because of its large acceptance.
For each region. a central trajectory was calculated by integrating the equations
of motion through the magnetic field. and the deviations from this central track
were parameterized with a matrix. These central trajectories and matrices needed
only to be calculated once at the beginning of the run. and the results were stored
in a parameter file. With these matrices, any measured track could be fitted by
choosing the correct matrix. In choosing the correct matrix, however. one needed
to know the value of the momentum. Therefore. an iterative algorithm was used to

search for the correct matrix and to calculate the momentum for a set of known r
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Figure 3.16: Iterative algorithm in PEANUT to search for the best track and

momentum with a given set of hit positions on the FD and BD chambers.
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and y positions at the center of each drift chamber. The procedure of this iterative

algorithm is shown in Fig. 3.16.

TOF and Mass of the Scattered Particle
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Figure 3.17: Secondary mass distribution from the raw data. with loose cuts on
the track reconstruction goodness of fit, DCA and \? (see below).

The time-of-Hight of the scattered particle was measured by IT and BT. and was

calculated from the equation:

Az

;3_,) (3.17)

TOFseat = Tpr — TiT —

T;T is the time when the beam particle passed through IT, and Tgr is the time
when the scattered particle passed through BT. j—l,z is the time-of-flight for a
incident beam particle that travelled between IT and the interaction vertex in the

target area.
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With known momentumn P,... path length L and time-of-fight TOF,,. the

mass of the scattered particle can be calculated as follows:

Pscat L 2 .
o Pe [ L 3.18
Hlscat (L/TOFsmt) \/l ((,‘ . T()Fscnt ) ( )

The reconstructed mass of the scattered particle was used to identify the A ~’s.
Fig. 3.17 shows the secondary mass spectrum. As seen from Fig. 3.17. A7 ’s were

well distinguished from other particles by applying a cut on the secondary mass.

3.2.3 Global Track Reconstruction

The tracks of the incident and scattered particles were combined to reconstruct a
complete event in order to identifv the 7~ +p — ¥~ + A'™ reaction. This included
the interaction vertex reconstruction and missing mass calculation. as described

below.

Vertex Reconstruction

Ouce the trajectories of the incident and scattered particle were reconstructed. the
closest approach between the incident particle’s track and the scattered particle’s
track. where the two tracks were closest together. was determined. The interaction

vertex was defined by the center point of the closest approach.

Cuts were applied to the z, y and = positions of the vertex in order to ensure
that the reaction 7~ +p — £~ + A~ took place in the lower hvdrogen target. The
reason to eliminate the reactions that took place in other materials in the target
area was because the cuts on the energy deposited in the silicon detectors. Eg;. and

K~ scattering angle. Ay -. were used to tag the stopping ¥~ 's: the optimization
of these cuts was directly dependent on the kinetic energy and direction of the

Y7, which were related to the materials in which the £~ was produced. If the
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¥~ was produced in other material rather than through the 7~’s interacting with
free protons in the lower hydrogen target. the Fermi motion in the nuclei would
smear the ¥~ ’s energy and direction distributions. In the Monte Carlo simulation.
however. the ¥~ was assumed to be produced in the hyvdrogen target. The ¥ s
which were produced in the non-hydrogen part of the target. with smeared energy
and direction. would cause A5 - and Eg; to deviate from what was expected. so
that the £~ stopping efficiency would be reduced by using the same cuts on Eg;
and g -.

Fig. 3.18 shows the r distributions in the target area. The bumps on both sides

of the r vertex spectrum were caused by the the aluminum walls of the target. A

cut ~6 < r < 6 cm on the r vertex was used to exclude those background events.
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Figure 3.18: Distribution of the x vertex of the data with the PIKS trigger. The
bumps on both sides of the spectrum were caused by the lower hydrogen target
walls. The o of a Gaussian fit to the r vertex profile in the target area. indicated
by the solid curve, is 2.02 cm. The vertical lines indicate the x vertex cut.
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Figure 3.19: The 2D histogram of the y vertex versus the = vertex from empty
target data. The solid lines show the outline of the lower liquid hydrogen target
tank. The bottom wall of the target tank was at y = —3.5 ¢cm. which is beyond
the plot. The band at = = —20 c¢m in the spectrum was caused by the aluminum
wall between the lower and upper target. and the band at = = 16 ¢m was caused
by a dummy scatterer behind the target tank. The dashed lines show the y and
= vertex cuts. The upper y vertex cut was stepped according to the actual target

~

geometry.
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Fig. 3.19 shows the 2-dimensional histogram of the y vertex versus the = vertex
from empty target data. The measured : position for the front of the LH2 vessel
was at 2 = —33.0 cm and the back at = = 15.5 ¢m. as shown in the plot by the
solid lines. As described earlier. only those ¥ ~'s tagged by the silicon detectors
would have the highest probability to stop in the upper hydrogen target to form
(X7.D)atom s- Because the first row of the silicon detectors (located at = = —47.8
c¢m) had no output signals. the ¥~ 's which were produced in front of the first
silicon detector row had no tags. The lower edge of the = vertex cut was set at
z = —48 cm to exclude those events. The last silicon detector row was located
at = = 10.1 cm. The higher edge of the = vertex cut was set at = = 12.0 cm to
exclude the ¥~ 's which were produced behind the last silicon detector row. The

= vertex cut is shown in Fig. 3.19 with dashed lines.
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Figure 3.20: Distribution of the y vertex for the data with PIKS trigger. The &~
of the Gaussian fit to the y vertex profile in the target area, shown by the solid
curve, is 0.29 cm. The vertical line represents the position of the lower edge of
the y vertex cut.
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Fig. 3.20 shows the y vertex distribution. Due to the short lifetime of the
¥ ’s, the beamn height was set to be verv close to the top of the lower hvdrogen
target vessel. As shown in Fig. 3.20, the beam vertical width (o = 0.29 cm) was
much smaller than the height of the target vessel (3.5 cm). The lower edge of the
y vertex cut was not a sensitive parameter; it was set at y = —1.2 cm determined
by the Gaussian fit of the y vertex distribution. as shown in Fig. 3.20. Special
care was needed for the higher edge of the y vertex cut because the boundary
between the lower and the npper hvdrogen targets had the complicated shape
shown in Fig. 2.13. Therefore. the higher edge of the y vertex cut was defined
according to the actual target geometry. It had the stepped shape. but was set at
0.1 cm lower than the measured target wall position because the resolution of the
target y position measurement was 0.1 cm. More details of the determination of

the higher edge of the y vertex cut are discussed at the end of this chapter.

Goodness of Fit

A goodness of fit. x2. of the scattered particle trajectory. was used to describe the
goodness of the vertex and trajectory reconstruction. The definition of \? used
here is described in [68]. This y? distribution accounts for a variable number of
hits at each drift chamber for each event since the drift chambers are not 100%
efficient. Fig. 3.21 shows the y? distribution generated from the raw data. which
was understood as a sum of many y?-like distributions on top of a relatively wide
distribution which extended to verv high \? values. The events in the latter dis-
tribution were attributed to background events, which had hits in the FD and
BD chambers but were not caused by the same particle. No complete trajectories
conld be reconstructed through the spectrometer for those events. The back-
ground distribution was approximated by a straight line fitting the distribution
in the region 65 < x% < 100. The cut at x? < 55 was determined by requiring the

ratio of reconstructed events to “background” events to be less than one bevond
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this cut.

Figure 3.21: The y? distribution of the raw data. The dashed line is the slope of

the distribution in the region of 65 < x* < 100. The vertical line shows the \*
cut.

Another variable that describes the goodness of fit for the complete trajectory
reconstruction is the distance of closest approach (DCA) between the tracks of
the incident and the scattered particles. In the ideal case. DCA should be zero. In
reality. however, with finite measurement resolution, the DCA had a distribution
peaked at zero and with a width related to the tracking resolution. as shown in
Fig. 3.22. It could be described as a half Gaussian peak (¢ = 0.495 cm) on top
of a linear background distribution. The background consisted of those events
for which the scattered particles were not related to the incident particles. A cut
applied on DCA can ensure the accuracy of the vertex reconstruction. It was set
at DCA < 1.23 cm determined by 2.50, where o is the rms width of the fitted

half Gaussian distribution.
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Figure 3.22: Distribution of the distance of closest approach (DCA) for the events
which passed the y? cut. The solid curve is the sum of a half Gaussian distribution
and a linear background distribution. and the dashed curve shows the Gaussian
distribution. The vertical line shows the DCA cut.
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Missing Mass

Figure 3.23: The 7~ +p — A~ + X reaction. X represents an unknown particle
to be identified via the missing mass calculation.

Once the incident and scattered particles are identified. and their momenta vec-
tors are determined. a particular reaction can be identified by a missing mass
calculation. For the reaction shown in Fig. 3.23, the incident 7~ interacts with a
free proton to produce a A~ and a unknown particle X. Assuming the speed of
licht ¢ = 1, the 4-dimensional momenta for incident and outgoing particles are:
77 (B iE,-).

p: (0.#mn;).

K= (Py-.iEg- ).

X: (Pr- - [3,\--_1'\/(13,.,- = Pr-)r +m% ).

where P;- is the momentum of the incident 7. Py - is the momentum of the scat-

tered A ", and my is the missing mass. m,- = 0.1396 Ge\'/c2. mng- = 0.4937

GeV/c? and m, = 0.9383 GeV/c?, are the masses of the 7. A~ and proton.
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respectively. According to the energy conservation law:

Er- +my = Ex-+\(Pee = By )2+ mi. (3.19)
Therefore.
myx =[(Ee- +my = Ex-)* = (Pr- = Py )% (3.20)

Since

Er- =y Pr +mi.. Ex- =\ Pg- +mig-. (3.21)

the missing mass for the 7~ + p - X + A~ reaction is calculated from:

my = [(‘/ﬁf_ +m2_ +mp,— \/13,2\-- +m3._ )% — (Ps- — f—",\-—)2]”2. (3.22)

In eq. (3.22), the missing mass is calculated under the assumption that the 7~
interacts with a free proton. As the mass of the £~ is 1.1971 GeV/¢?. ©7's can

be identified by making a cut on the missing mass spectrum.

3.2.4 Data Reduction

[ name of cut Description i range i
PIKS Trigger TRUE
MASS.K Secondary Mass 0.37 - 0.60 Ge\/c?
ZVERT z Vertex -33 - 25 em
XI2 x? 0- 80
DCA Distance of Cloest Approach 0-6cm

Table 3.1: Cuts used in the data reduction to select (77, A'~) events.

In 1995, 5 weeks of beam time were spent on the (7. A ") calibration experiment:

an integrated beam flux of 2.3x 10'? 7~s and 101 useful runs of data were collected
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Figure 3.24: Histograms used in the data reduction. The vertical lines show the
cuts used to select good (7. A7) events. All histograms were generated from the
raw data.
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with roughly 2.8 x 107 events written on 80 magnetic tapes. However. even with
the second level trigger cuts to reject scattered protons during the data collection.
the majority of events on the tapes were still (77.p) elastic scattering events.
considered as background for the calibration experiment. This can be seen in the
secondary mass spectrum in Fig. 3.17. where the ratio of Lp:- is less than 2%.
In addition. with data on over 80 magnetic tapes. it is inconvenient and time
consuming to do the Hnal analysis. Therefore. bv applving veryv loose cuts on the
secondary mass and the quality of the track reconstruction (DCA and \?) spectra.
a subset of the original data with reasonably clean (77. A'7) events was extracted
so that the reduced data would be of a manageable size that could be stored on
disk for the final analysis. This process was referred as “data reduction™. The cuts
used for the data reduction were much looser than the final cuts in the calibration
analysis so that all interesting data were preserved. Fig. 3.24 shows the loose
cuts. which are defined in Table 3.1, used in the data reduction to select (7 7. A7)
events. After the data reduction was completed. a fraction of ~ 5.8 x 107* of the

original data was retained.

3.2.5 Basic Cuts to Identify the Reaction #1~ +p — ¥~ +
K+

Once the data reduction was completed. three categories of cuts were applied to
the reduced data to identify the reaction 7~ +p — ¥~ 4+ A~ which took place
in the lower hydrogen target: (1) the goodness of fit cuts. DCA and \?. to select
the events with good vertex and trajectory reconstruction; (2) the kinematic cuts.
secondary mass and missing mass cuts. to select the 7~ +p — ¥~ + A~ reaction;
(3) the reaction vertex (r, y and z) cuts to ensure that the reactions took place
in the lower hydrogen target. The cuts in the first and third category have been
described earlier. The determination of the second category of cuts is presented

below.
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Kinematic Cuts

Since the mass of the A"~ is 0.4936 Ge\'/c?. a cut on the secondary mass spectrum
was applied to identify the scattered particle A'~. The cut from 0.4242 Ge\'/¢?
to 0.5632 GeV/c? shown in Fig. 3.25 was determined by my - £ 1.50. where o =

0.0154 GeV/¢? is the width of the Gaussian fit to the secondary mass spectrum.
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Figure 3.25: Secondarv mass spectrum generated from the reduced data. The
vertical lines show the cut used to identify A'~.

The £~ 's produced by the reaction 7~ + p — ¥~ + A~ were identified by
applying a cut on the missing mass spectrum. Fig. 3.26 shows the missing mass
spectrum generated from the reduced data. The asymmetry of the missing mass
distribution can be understood bv examining Fig. 3.27. The upper part of Fig.

3.27 indicates that the contribution in the higher missing mass region comes from
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lower secondarv momentum events. The lower part of Fig. 3.27 shows that the
secondary momentum distribution is not symmetric. There are more events on
the lower secondary momentum side than in the higher side. This is due to #7's
interacting with bound protons rather than free protons in the 7~ +p = X7 + A~
reaction. As the mass of £~ is 1.197 GeV/c?. the cut was defined by 1.1651 <
me- < 1.2289 GeV'/c?. determined by my- — 450 < MM < mg- + 450, as
shown in Fig. 3.26. where 0 = 0.00709 GeV/c¢* is the rms width of a Gaussian fit

to the missing mass peak.
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Figure 3.26: Missing mass spectrum for (77. A7) events generated from the re-
duced data. The vertical lines show the cut used to identifs ¥~. The broad
shoulder on the high side of the Gaussian peak was caused by the events in which
a 7~ interacted with a bound proton.
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Figure 3.27: Histograms illustrating the asymmetry in the missing mass distribu-
tion. The upper plot is a 2D histogram of the secondary momentum versus the
missing mass, and the lower plot is the distribution of the secondary momentum.
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3.3 Tagging of Stopping >~

To tag a ¥~ which had a high probability to stop in the upper liquid hydrogen
target and to form a (X7, p)aom. additional cuts were applied to the events which
passed the £~ identification tests. The tag was defined by the cuts on energy
deposited in the silicon detectors and the K s scattering angle 84 -. and other

background cuts. These are discussed in detail below.

3.3.1 Cut on Energy Deposited in the Silicon Detectors

The most critical cut to identify the stopping ¥~ ’s is on the energy deposited
in the silicon detectors which the ¥~ 's passed through on their way to the upper
target vessel. As Fig. 2.16 shows. the Monte Carlo simulation result indicates that
Y ~'s which deposit about 1.25 Me\' to 2.25 MeV’ of energy in the silicon detectors
should have the highest probability of stopping in the upper hydrogen targert: for
those £~ 's which stop in the tungsten degrader. their decay particles (such as 7 's)
deposit lower energy in the silicon detectors: ¥7's which deposit higher energy in
the silicon detectors mostly stop in the aluminum before entering the upper target.
The silicon detector energy cut used in final analysis was 1.25 < Eg; < 2.25 MeV'.

based on the Monte Carlo simulation shown in Fig. 2.16.

3.3.2 Angle O+ Cut

Another verv sensitive cut to select stopping ¥~ ’s is the scattering angle of the
K™, Og-. This is a direct consequence of the target geometry. According to
two-body kinematics. the trajectory of ¥~ and 64 - are related. The stopping
probability of a ¥~ is directly dependent on the materials that it passed throngh.
As a result. optimization of the cut on the angle 8- greatly improves the ¥~
stopping efficiency. The cut 7.5° < B - < 10.0° was determined according to the

Monte Carlo result [L121]. More discussion about the cut determination is given
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at the end of this chapter.

Monte Carlo simulations indicate that the £7's which are tagged by 1.25 <
Egr < 225 MeV and 7.5° < @ - < 10.0° should bave a (22 £ 2)% probability

{121] of stopping in the upper liquid hydrogen target.

3.3.3 Other Background Cuts

The particles which left signals in the silicon detectors were not only ¥~ s but

also 7 ’s from ¥~ decay. the dominant mode of the ¥~ decay is given by
7 = n+ 7 (99.848%) (7 = 1.479 x 107 '%) (33.23)

Additional cuts must be applied to reject these false tags caused by the decayv

7 ’s. These cuts are discussed below.

Time Coincidence

By applyving a cut on the time when the silicon detectors were hit. the silicon
hits were assured of being in coincidence with the creation of the ¥7's. This
rejected some of the false tags caused by other particles. Because of the slow rise
time of silicon detector signals, however, only a loose cut could be applied to the
silicon detector signal timing. Fig. 3.28 shows a 2-dimensional plot of the energy
deposited versus the timing of the silicon detectors for events which passed the £~
identification tests. In Fig. 3.28. the triangular band was caused by real signals.
and the rectangular band. with energyv deposited less than 0.5 MeV. was caused
by random background events. The two bands overlap in the low energy region.
The cut on the silicon detector signal timing was chosen to be from 145 ns to 260
ns (shown in Fig. 3.28 with a solid box), which covered the timing range of the

real signals.
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Figure 3.28: The 2-dimensional histogram of energy deposited versus timing of
the silicon detectors. The box shows the cuts on the silicon detector timing and
deposited energy used in the final analysis. The eveuts in the triangular band
were real signals. and the events in the rectangular band, with energy deposited
less than 0.5 Me\'. were random background events. The two bands overlap in
the region of 145 < Ty < 260 ns and 0 < Eg; < 0.5 MeV.

Position Coincidence

The false tags caused by the 7~ 's from ¥~ 's decay can be further reduced by
checking the locations of hits against the predictions from the two-body kinematics
for the 7~ + p — A~ + ¥~ reaction. According to two-body kinematics. the
direction of the ¥~ can be calculated from the beam direction and scattering
angle 04- of the A ~. Because of poor resolution in the = vertex. the r and y

positions of the vertex were used instead to project the track of the ¥~ onto the
z — y plane of the silicon detector pad that was hit. As the y position of the £~

where it passed through the silicon detector pad is unknown. the distances from
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Figure 3.29: Schematic drawings of the silicon detectors with projections of £~
tracks onto the 2 — y plane.

the ¥~ track to the horizontal center of the fired silicon detector at the bottom
(X,) and top (.X;) of the the silicon pad were calculated. as shown in Fig. 3.29.
The minimum of these two values, .\, = min(].X,|. |.\¢]), was used to apply the
cut. Fig. 3.29 shows a schematic drawing for three possible types of events labeled
a. b and c. Ignoring all errors. X, in cases a and ¢ would be less than 0.5 ¢cm
because the width of a silicon pad is 1.0 cm. For case b. however. .\, would be
larger than 0.5 cm even though the ¥~ did pass through the silicon pad. In this

case. the height of the ¥~ track at the horizontal center of this silicon detector
pad to the bottom of the silicon detector, Y,,. was calculated. One should have
0.0 < Y, < 1.0 em for the ideal case (the height of silicon detector pad is 1.0
cm). Therefore, .\,, was set to be zero for case b if the condition 0.0 < };, < 1.0
cm was satisfied. Considering that the z resolution of the vertex reconstruction

is &~ 0.07 cm, the additional cut was defined as:

SILI.XDIF : X, <0.7cin (3.24)



3.3. TAGGING OF STOPPING ™~ 109

to accept about 99% of the silicon hits caused by the ©7's while rejecting about
33% of the false tags caused by 77 ’s.

Cuts on the differences between the ¥~ creation vertex and the center of the
silicon pad which was hit. along the = and z directions. can also remove some false

tags caused by 7 ’s. These distance differences were defined as following:

Nz = Igr — Tyer- Az =51 — Zyer (3.25)

where ¢ and zg; are the z and = positions at the center of the silicon pad which
was hit, Z.., and z,, are the r and = positions at the vertex where the ¥~ was

created.
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Figure 3.30: Distribution of the x distance between the silicon detector pad which
was hit and the vertex for the events that passed all the ¥~ identification cuts
and the SILI.XDIF cut. The vertical lines in the plot show the cut determined by
+3a. where 0 = 0.75 cm is the rms width of a Gaussian fit to the distribution.



110 CHAPTER 3. DATA ANALYSIS

Fig. 3.30 shows the Ar distribution (a Gaussian distribution centered at zero
with & = 0.75 ¢cm) and the cut (vertical lines) that was applied in the final analysis.

The cut on Ar was chosen to be =30 of the Gaussian peak.
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Figure 3.31: Distribution of the > distance between the silicon detector pad which
was hit and the vertex of those events that passed all the £~ identification cuts
and SILI.XDIF cut. The vertical lines in the plot represent the cut.

Fig. 3.31 shows the Az distribution and the cut. Most of the stopping ¥ s
in the upper hydrogen target were created in the lower hydrogen target within
3 ¢m in the upstream beam direction., according to a Monte Carlo simulation
result shown in Fig. 3.32 [L11]. However. because the resolution of the = vertex
reconstruction was g.,.y = 1.1 cm [118] in the target area. the expected silicon
detector pad could be misidentified by one row {for a 3 cm spacing between the
detector rows). In order to accept all ¥~ 's that stopped in the upper target. the
cut on Az at —6 < Az < 9 cm was chosen to be fairlv loose, allowing for two

detector row spacings back and forward from the expected detector row.
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Figure 3.32: Monte Carlo simulation of the stopping ¥~ ’s. Most of the stopping
Y 's in the upper hyvdrogen target were created in the lower hydrogen target

—

within 3 ¢m in the upstream beam direction.
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3.3.4 Summary of Cuts

In the previous sections. the cuts to identify £~ ’'s. which were produced through
the reaction 7~ +p — £~ + A~ in the lower hydrogen target and stopped in the
upper hvdrogen target. were described. Table 3.2 summarizes all the cuts used in
the final analysis; Fig. 3.33. Fig. 3.34 and Fig. 3.35 give the description of these

cuts.

Fraction of
Name of cut Description Range events passed ||
" Basic cuts to identify 1 +p 2 L + K
X12 X° 0.0 - 55.0 0.9511
Distance of
DCA closest approach 00-1.23 cm 0.9030
ZVERT Z vertex -47 - 12 cm 0.9229
XVERT X vertex -6.0 - 6.0 cm 0.9689
according to actual target
YVERT Y vertex geometry, see Fig. 3.34 0.7473
MASS.K Secondary mass 0.4242 - 0.5632 GeV/c? 0.8767
MM.SIGMA Missing mass 1.1651 - 1.2289 GeV/c? 0.7079
Cuts to reject 77 's from ¥~ decay
SILL.T Silicon timing 145 - 260 ns 0.7265
SILL.XDIF min(] X/, | Xe) -0.7 - 0.7 cm 0.4546
SILLAX ISI — Tyer -22-22cm 0.6543
SILLAZ 251 — Zyer -6.0-9.0 cm 0.5206
il Cuts to tag stopping T ’s
Esi Silicon energy 1.25 - 2.25 MeV 0.04958
O - K~ Scattering angle 7.5° — 10° 0.2658

Table 3.2: Summary of cuts used in the final analysis. The fraction of the events

passed is defined

. ftevents passed
as

i#events tested

for each cut independently.
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Figure 3.33: Histograms generated from the reduced data set. The vertical lines
in the plots show the basic cuts defined in Table 3.2.
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Figure 3.34: The 2D-histogram of y versus = vertex generated from the reduced
data set. The solid curve in the plot shows the y and z vertex cuts to select the

¥ 7's produced in the lower hydrogen target.
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Figure 3.35: Histograms generated from the reduced data set with all basic cuts
defined in Table 3.2. Two more extra cuts (SILL. T and SILI.XDIF) were applied
to the bottom plots only. The vertical lines in the plots show additional cuts to
reject 7~ 's from £~ decay defined in Table 3.2. The narrow peak at SILI.XDIF=0
in the top right graph corresponds to “case b™ events as described in Fig. 3.29.
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3.4 Neutron Measurement

3.4.1 Data Processing

With raw ADC and TDC information from the neutron detectors. the time-of-
flicht, path length. electron-equivalent energy of the hit. and 37! (37! = £) can

be calculated:; the neutral particles can then be identified.

Time-of-flight TOFnp

According to the description in section 3.1.4. the time-of-flight of the neutron
originating from the (X7, p)atos — 7 + .\ reaction can be calculated from the raw
TDC information of the i** element of the neutron detector which was hit. This

is defined by the expression:

s 4+ TDC? Sper — =
IDCH IDC pu o, gy — Top = 2 =311

) Ur-

TOF_,VD = (0.025 x

where T3. T and Tg are calibration constants described earlier. Tyr is the [T
timing, and === s the time-of-flight for the incident particle & travelling

from IT to the vertex of the reaction 7~ +p — £~ + A~ in the target area.

Path Length Inp

The path length of the nentron is defined by:

l.rVD =y (In - xuer)z + (yn - .l/ver)2 + (‘:n - ':f'ver)2 (327)

where Tyer. Yver and =, are the vertex positions of 7~ +p — £~ + A 7; the

In. yp and z, are the positions in the neutron detector which was hit. The y,
is calculated by equation (3.14) from the time difference between the PMT’s at
both ends of the neutron log; the x, and z, are estimated by the center of the

neutron log which was hit.
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Electron-equivalent Energy

The electron-equivalent energy of the signal from a neutron hit on the i** log was

calculated from:

Exp = \/CLADC: — PHCHADC) — P) (3.28)

The electron-equivalent energy of a cluster ! is the sum of the electron-equivalent

energy of all signals of the cluster.

Neutron 8!

The neutron 37! is calculated as follows:

TOFyp

3t =c
' c Inp

(3.29)

Neutral Particle Identification

First. the signals caused by charged particles were vetoed. This was done by the
veto scintillators located between the neutron detector arrays and the target. The
correlation between the hits on the neutron detectors and on the veto detectors was
determined by their projected y and = positions. If a hit on the nentron detectors
and a hit on a veto detectors was considered to be caused by the samne particle. the
y difference of these two hits should satisfy the condition —235 < y, — Yuero < 23
cm. In addition. when projecting the width (along the = direction) of the neutron
log which was hit to the vertex of the 7~ +p — ¥~ + A~ reaction, the = position
of the hit on the veto bar should be on the possible path between the vertex and

the hit on the neutron detectors. If two of the above tests were satisfied, this

signal was identified as being caused by a charged particle.

!Cluster: is a group of hits on the neighbouring logs in a neutron detector caused by a single
neutral particle.
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Second, a cluster of multiple hits caused by a single neutral particle was iden-
tified. Unlike the detection of charged particles, the detection of a neutral particle
relies upon the neutral particle interacting with nuclei in the scintillating medium
to liberate charged particles; then the detector responds to the charged particles.
A neutral particle may liberate more than one charged particle; those charged par-
ticles can escape from the log of origin and fire adjacent logs. This tvpe of multiple
hit should be considered as a single hit, called a “cluster”. If two neighbouring
logs both produced a signal and the y difference of the two hit positions was within
+30 ¢m., these two hits were considered as part of a cluster. Fig. 3.36 shows the
definition of the neighbor logs. The time and hit position of clustered events were
determined by the earliest hit in the cluster. and the electron-equivalent energyv
of a cluster was the sum of the electron-equivalent energyv for all signals in the

cluster.

Line Enclosing
Nearest Neighhors / LN Veto Layer
=S — = -5\ —_— e ———
[ i R N P \ij 1 I I 1 ]
{ 1 1 ] | ; ] | ] | |
— I [ T <1 T T T ]
{ | ] | ] | 1\ I | I i
L ] | | ! ] k| | L |
\ LN Detector \(‘mlnl Log
Logs

Figure 3.36: Plan view of a neutron detector array. It shows the nearest neighbor
definition used in the grouping of neutral hits into a cluster.
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3.4.2 Neutron Spectrum

In coincidence with the £~ 's which were produced through 7= +p — ¥~ + A~
and tagged by the silicon detectors. the neutron spectrum was studied to search
for monoenergetic neutrons at £x = 13.5 Me\ created through the (X . p)aormn —

A+ n reaction. As the time-of-flight of the neutron was measured. a neutron .J~!

(37'= (:-T—?%ﬂ) spectrum was generated because 37! is proportional to TO Fy ).
The energy of Ex = 43.5 Me\ for neutrons corresponds to 3! = 3.1, Cuts on

the electron-equivalent energy of the neutron detectors were applied in order to

reduce the background.

The neutrons whose events passed all the cuts defined in Table 3.2 are called
the tagged neutrons. These events. with probability vey,,. were in coincidence
with ¥~ °s captured on the hydrogen target to form (X7.p)aterm's. The neutrons
whose events passed only the basic cuts defined in Table 3.2 are called the un-
tagged neutrons. Unlike the tagged neutrons. the untagged neutrons mainly cor-
responded to the ¥~ 's decaying in flight or stopping in materials other than the
upper hvdrogen target. which contributed to the background in the tagged neu-
tron spectrum. Fig. 3.37 shows examples of tagged and untagged neutron spectra

with an electron-equivalent energy threshold of 3 MeV .

3.4.3 Resolution of Neutron 3~! Measurement

l'is determined by the neutron time-

According to equation (3.29). the neutron 3°
of-flight and the path length measurement. Therefore, the resolution of neutron

;37! mainly relies upon the following four factors:

Uncertainty in the time of the £~ stopping : The time-of-flight of a neu-
tron should start when the (X7, p)giom decayed and should end when the
neutron interacted in one of the neutron bars. In other words, the neutron
time-of-flight should be calculated from TOF,, = TOFyp — TOFx-. where
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Figure 3.37: Examples of neutron 3~ ! spectra for an electron-equivalent energy
threshold of 3 MeV ... The top plot is a tagged neutron spectrum and the bottom
plot is an untagged neutron spectrum. The peaks at 37! = | in both plots are
the ~ peaks. and the peak at 37! = 3.4 in the tagged neutron spectrum represents
the monoenergetic neutron signal from the (X7, p)ators = -\ + 12 reaction.
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TOFxp is defined by equation (3.26). and TOFx- is the time-of-flight of
the ¥~ from its creation to its stopping to form the (X¥7.p)atom. -An error
T s1are Was introduced in the 3~! measurement because the start time of the
neutron flight was not exactly known due to the uncertainty of TOF¢-.
Uncertainty in the position of ¥~ stopping : The flight path for a neu-

tron, l,.. should be the length between the point where the ¥~ stops and the
point of interaction in the neutron detectors. [t is determined by:

by = \/[Zn — (Twer + Az )2 + [yn — (Yuer + Ays-)]? + [2n — (Zper + Aze- )2

where

ls = \/Azl +Ay2 + Azl

is the distance from the vertex of the ¥~ creation through the 7= +p —
¥ + A reaction to the ¥~ ’s stopping point. The unknown ls- caused

another error. dyere. in the 37! measurement.

Uncertainty in the position of interaction in the neutron detectors : In
eq. (3.27). the positions of interaction in the neutron detectors were used
to calculate the flight lengths of the neutrons. The r and the : positions of
the interaction point in a neutron log were estimated by the center position
of the neutron log. Because each neutron log is 5.08 c¢m thick along the x
direction and 15.24 cm wide along the = direction, these dimensions intro-
duced uncertainties on the z and = positions of the interaction point. which

result in an error. a,;. in the .37! measurement.

Intrinsic time resolution of the neutron detectors : There is an intrinsic
time uncertainty of the neutron detectors, 7,,,. which is dependent on the
intrinsic features of the detectors, such as light output, types of PMT's.

electronics and so on.
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A Monte Carlo simulation program [111] was used by M. Burger to study the
effect of the above uncertainties in the resolution of the neutron .3~ ! measurement.

Table 3.3 gives a summary of the results for .J~! = 3.5.

[ Contributions | Uncertainty in 37" ||
Tstart 0.040
Tvert 0.028
ona 0.048
Tint 0.033
I ot | 0.076 |

Table 3.3: Summary of the uncertainties in the neutron 3~! measurement calcu-
lated by a Monte Carlo simulation program [L111].

3.4.4 The Sensitivity of the Cuts

As the reaction (X. p)atore — -\ + 1 is well understood. 43.5 MeV monoenergetic
neutron signals are expected in the tagged neutron spectrum. This provides a way
to optimize the cuts by studying the signal to noise ratio in the tagged neutron
spectrum. In addition. because the kinematics of the ¥~ in the (7#7. A7) calibra-

tion run were matched to the =~ in the H particle run. studying the sensitivity of
the cuts in the (7. A7) data analysis is helpful in the determination of the cuts
in the H particle search. The sensitivity of a cut can be described in terms of the
signal to noise ratio, which is defined as:
S?
Ro/n = —=. (3.30)
YA
where S is the number of monoenergetic neuntrons found in the tagged neutron

spectrum, and N is the number of background counts underneath the monoener-

getic neutron peak.
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For an individual cut, the Rs/y is calculated by changing the higher or lower
edge of the cut while keeping the other cuts defined in Table 3.2 fixed. The trend
of the relative Rg/n changing with the positions of the cut gives an indication
of the cut optimization. In fact. this technique had been used earlier in the
determination of the cuts in Table 3.2. Several important cuts are studied below.
No error bars are shown in the following plots because only the relative Ry is

important for optimizing the cuts.

The Es;r and Og+ Cuts

T

T T
0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
Ey (MeV)

Figure 3.38: Signal to noise ratio versus the lower edge of the cut on the energy
deposited in the silicon detectors, with the higher edge of the cut fixed at 2.25
Mel'.

The most important cuts to tag those ¥ 's which had the highest probability of
stopping and being captured in the upper hvdrogen target to form (X7.p)atom s
were the energy deposited in the silicon detectors. Eg;. and the scattering angle
of the A ~. 8y -. These two cuts were optimized by the Monte Carlo programs.

Studying the sensitivity of these cuts using the signal to noise ratio from the data,



124 CHAPTER 3. DATA ANALYSIS

can test and improve the Monte Carlo simulation.

Fig. 3.38 shows the signal to noise ratio (Rs;y) as a function of the lower
edge of the cut on the energy deposited in the silicon detectors (Egy). with the
higher edge of the cut fixed at 2.25 MeV'. As one can see. Rs,y decreases very fast
if the lower edge of the cut on Eg; is less than 1.2 MeV\'. This is because many
background events are included in the spectrum if the lower edge of the silicon
energy cut is chosen too low. However, if the lower edge of the cut on Eg; is
larger than 1.4 MeV, it cuts off some good events and the signal to noise ratio

also decreases.

4 T T T T T T
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Eg (MeV)

Figure 3.39: Signal to noise ratio versus the higher edge of the cut on the energy
deposited in the silicon detectors. with the lower edge of the cut fixed at [.25
MeV'.

Fig. 3.39 shows the signal to noise ratio (Rg/y) as a function of the higher
edge of the cut on the energy deposited in the silicon detectors (Esy). with the
lower edge of the cut fixed at 1.25 MeV. As seen in the plot. the signal to noise
ratio decreases very fast if the higher edge of the cut on Es; is less than 2.0 MeV'.

This is because good events are cut off if the higher edge of the cut on Eg; is too
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low. However. if the higher edge of the cut on Eg; is larger than 2.4 Me\'. the
signal to noise ratio stays flat because there are few events in the £g; > 2.4 MeV

region.

Comparing Fig. 3.38 with Fig. 3.39, the sensitivity of the cut on the energy
deposited in the silicon detectors is not symmetrical for the lower and the higher
edge of the cut. This can be understood by the distribution of Egs; shown in
Fig. 3.10. The distribution of the energy deposited in the silicon detectors is
peaked in the lower energy region. Therefore. changing the lower edge of the cut
dramatically either cuts off the good events or picks up many background events.
If the higher edge of the cut is too low, it cuts off some good events: however. if
the higher edge of the cut is too high. it only slowly picks up more background

events.

g I Il j I L

8 1 -
Z 7 4 -
L/
w
o

6 g

5 T T 1 1

4 5 6 7 8 9

8.+ (degree)

Figure 3.40: Signal to noise ratio versus the lower edge of the cut on the scattering
angle of A'~., f4-. with the higher edge of the cut fixed at 10°.

Fig. 3.40 shows the signal to noise ratio (Rgs,v) as a function of the lower edge
of the cut on the scattering angle of the A'~. -, with the higher edge of the cut

fixed at 10°. As one can see, if the lower edge of the cut on 6y - is less than 7°.
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Figure 3.41: Signal to noise ratio versus the higher edge of the cut on the scattering
angle of A’ 7. @4 -. with the lower edge of the cut fixed at 7.5°.

Rsv is decreasing by picking up more background events. However. if the lower
edge of the cut on @4 - is larger than 8°, it cuts off some good events and the
signal to noise ratio decreases.

Fig. 3.1l shows the signal to noise ratio {Rs,y) as a function of the higher
edge of the cut on the scattering angle of K™, #,-. with the lower edge of the
cut fixed at 7.5°. If the higher edge of the cut on fg - is too small. the signal to
noise ratio decreases very fast by cutting off good events; If the higher edge of
the cut on @4 - is too large. the signal to noise ratio decreases by picking nup more

background events.

The y Vertex Cut

As described earlier. a properly chosen higher edge of the y vertex cut ensures
that the ¥7's were produced in the lower hydrogen target, and the signal to
noise ratio is not very sensitive to the lower edge of the y vertex cut. Keeping

the shape of the higher edge of the y vertex cut matched to the shape of the



3.4. NEUTRON MEASUREMENT 127

boundary between the two hydrogen targets and fixing the lower edge of the cut
at y = —1.2 cm, the R/ was calculated by changing the lowest point position
on the higher edge of the y vertex cut along the y direction (see in Fig. 3.42).
In the plot. when the lowest point position on the higher edge of the y vertex
cut. YVERT iy, is less than -0.07 ¢cm. Rg/y decreases due to cutting the lower
hydrogen target; when YVERT ;. is greater than 0.05 cm. Rg v also decreases
due to the including reactions that took place in the aluminum wall between the
lower and upper target; when YVERT,;; ~ 0.02 cm, Rg/nv has the highest value.
This position corresponds to 0.1 cm below the actual measured top aluminum
wall position of the lower hyvdrogen target. which is within the error range of the

target position measurement, ~ 0.1 cm.
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Figure 3.42: Signal to noise ratio versus the lowest point position of the higher
edge of the cut on the y vertex. with the lower edge of the cut fixed at -1.2 cm.

The SILI.AZ and SILI.XDIF Cuts

The cuts SILI.AZ and SILI.XDIF playved an important role in reducing the false

tags. which were caused by the decay 7~ 's produced in £~ decay.
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Figure 3.43: Signal to noise ratio versus the lower edge of the cut on the = distance
between the silicon detectors which was hit and the vertex. with the higher edge
of the cut fixed at 9 cm.
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Figure 3.44: Signal to noise ratio versus the higher edge of the c¢cut ou the =
distance between the silicon detector that was hit and the vertex. with the lower
edge of the cut fixed at -6 cm.



3.4. NEUTRON MEASUREMENT 129

Fig. 3.43 shows the signal to noise ratio as a function of the lower edge of
the cut on the = distance between the silicon detector pad which was hit and the
vertex, with the higher edge of the cut fixed at 9 cm. It indicates that good events

are cut off if the lower edge of the SILI. Az cut is larger than -3 cm.

Fig. 3.44 shows the signal to noise ratio as a function of the higher edge of
the cut on the : distance between the silicon detector pad which was hit and the
vertex. with the lower edge of the cut fixed at -6 cm. The result indicates that
good events are cut off if the higher edge of the SILL.Az cut is less than 6 cm.
The cut made in our analyvsis is —6 < S/L/.Az < 9 cm. which should be wide

enough to include all the good events.

The signal to noise ratio is not svmmetrical for the lower edge and the higher
edge of the SILI. Az cut. as seen from Fig. 3.43 and Fig. 3.44. This is because
the ¥~ 's produced through the reaction 7~ +p — £~ + A~ go in the forward

direction. travelling a small distance before they stop or decay.

10.0 ‘ 1 '

8.0 \ ~
7.5 -
7.0 T 1 T

-2.0 -15 -10 -0.5 0.0

SILLXDIF (cm)

Figure 3.43: Signal to noise ratio versus the lower edge of the cut on the projected
Z position on the silicon pad which was hit, with the higher edge of the cut fixed
at 0.7 cm.
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Figure 3.46: Signal to noise ratio versus the higher edge of the cut on the projected
x position on the silicon pad which was hit. with the lower edge of the cut fixed
at -0.7 cm.

Fig. 3.15 shows the signal to noise ratio as a function of the lower edge of the
cut on the projected z position on the silicon detector pad which was hit. with
the higher edge of the cut fixed at 0.7 cm. Fig. 3.16 shows the signal to noise
ratio as a function of the higher edge of the cut on the projected x position on
the silicon detector pad which was hit. with lower edge of the cut fixed at -0.7
cm. The result indicates that the cut —0.7 < SILI.XDIF < 0.7 ¢m used in the
analvsis is a verv reasonable cut to select the £~ 's that passed through the silicon

detectors while rejecting most of the false tags caused by 77 ’s.



Chapter 4

Results And Discussion

4.1 Results

The main purpose of the (7=, A"") data analysis was to calibrate the sensitivity
of the E813 experiment to detect a monoenergetic neutron in coincidence with
(7. p)atom formation through the (7. p)atom — -\ + n reaction. This was carried
out by searching for a monoenergetic neutron peak at 43.3 MeV (corresponding
to 37! = 3.4) in the tagged neutron spectrum. as a signature of the reaction
(7. P)atorn — -\ +n. The number of neutrons found in the monoenergetic neutron
peak in the tagged neutron spectrum was used to calculate the combined X~

stopping efficiency and neutron detection efficiency. cguopnvp. Which defines the

sensitivity of experiment E813 for the H particle search.

Table 4.1 lists all the cuts used to define a tag for a stopping ¥~. With cuts
7.5° < Op- < 10.0° and 1.25 < Es; < 2.25 MeV along with all the other cuts
defined in Table 4.1, the number of tagged ¥~ 's from 1995°s (7~. A7) data was
found to be 1142. Fig. 4.1 shows the tagged neutron spectra with the electron-
equivalent energy thresholds of 1 MeV ... 3 MeV,., and 5 MeV,, respectively. As
seen in Fig. 4.1, there is a sharp peak at the expected position. 3-' = 3.4, in

the tagged neutron spectrum in all three cases. The background was fit with a

131
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Fraction of
Name of cut Description Range events passed
Basic cuts to identify 7~ +p > X~ + K~
X12 X 0.0 - 55.0 0.9511
Distance of
DCA closest approach 0.00 - 1.23 cin 0.9030
ZVERT Z vertex -47- 12 cm 0.9229
XVERT X vertex -6.0 - 6.0 cm 0.9689
according to actual target
YVERT Y vertex geometry. see Fig. 3.34 0.7473
MASS.K Secondary mass 0.4242 - 0.5632 GeV /c? 0.8767
MM.SIGMA Missing mass 1.1651 - 1.2289 GeV/c* 0.7079
Cuts to reject 7 ’s from X~ decay
SILL.T Silicon timing 145 - 260 ns 0.7265
SILL.XDIF min(]Xs|. | X¢|) -0.7 - 0.7 cm 0.4546
SILI.AX ISI — Tyer -2.2-22cm 0.6543
SILI.AZ 29[ — Zyer -6.0-9.0 cm 0.5206
Cuts to tag stopping X7’s
Esy Silicon energy 1.25 - 2.25 MeV 0.04958
Oy - K~ Scattering angle 7.5° - 10° 0.2658

Table -1.1: Summary of cuts used in the final analysis. The fraction of the events

passed is defined as -’%ﬁ'{%% for each cut independently.
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Figure 4.1: Tagged neutron ;3! spectra for the electron-equivalent energy thresh-

olds of 1 MeV .

third order polynomial fit to the background.

. 3 MeVee. and 5 MeV, respectively. The solid curves represent a
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third order polynomial. Using the parameters listed in Table .2 to predict the

monoenergetic neutron number by using the formula

—Vncuzran = -V!ag X Zstop X V X Ry X nyp. (‘Ll)

the results shown in Table 1.3 are obtained.

Zsop (%) | v (%) | Ry (%) o (%)
1 MeV,, [ 3 MeV,, |5 MeVe.
22+2 |[85+5 532+ 1.0[98+1.0[83£08]6.7x0.7

Table {.2: Parameters used for the monoenergetic neutron number predictions.
£stop 18 the ¥~ stopping efficiency, and its value is taken from a Monte Carlo
calculation [121]; v is the efficiency for stopped £~ to form (X7, p)arom as discussed
in section 1.3.2 of chapter 1; R, is the branching ratio for the (¥, p)atom — -\ +n
reaction [L06]-[107]; nyp is the neutron detection efficiency estimated with the
DEMONS program [116].

meas\urement calculation
threshold | neutron # SstoplIND neutron # EstoplIND

1 MeVee 207 0.0449 £0.0160 | 9.6 £ 1.4 | 0.0216 = 0.0029
3 MeVe. 22+ 6 0.0494 £0.0138 | 8.1 +1.2 | 0.0183 = 0.0024
5 MeV,,. 18+ 5 0.0405 £ 0.0115 | 6.6 £ 1.0 | 0.01L47 £ 0.0020

Table 1.3: Summary of the final analysis results. All errors are statistical only.

As seen in Table 1.3, the combined ¥~ stopping efficiency and neutron de-
tection efficiency. £50p7vp. exhibits a large difference between the measured and

calculated values. [t should be noted that the value of ¢ used in the calculation

stop
is preliminary. It is strongly dependent on the density of the hydrogen target. the

target geometry. beam parameters, acceptance of the 48D48 spectrometer. and
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the reactions under study for the £~ decay. More work on Monte Carlo simula-
tion is needed in order to understand the disagreement between the measurement

and the calculation. This project has been planned. and will be conducted later.

4.2 Discussion

4.2.1 Background Evaluation

The method used in the background evaluarion of the tagged neutron spectra plays
a very important role in estimating the number of monoenergetic nentrons. Fig.
4.2 gives a comparison of the background evaluation by using different methods.
Originally the untagged neutron spectra scaled by the factor. ﬁ%ﬁ;‘—;. was used
to estimate the tagged neutron spectra background [68][114]. In other words.
the neutron spectrum associated with ¥ - production with only the basic cuts in
Table 4.1 and no cuts on the silicon detectors and scattering angle 8 - . scaled by
the ﬁ% ratio was used previously to estimate the background in the tagged
spectrum. As seen in Fig. 4.2, however. these untagged neutron spectra do not
have the same shape as the background in the tagged neutron spectra. There is
a broad peak around 37! = 3.4 in the untagged spectra. while there appears to
be a flat background underneath the monoenergetic neutron peak at 37! = 3.4in
the tagged spectra. This is because the untagged spectra include events in which
there were ¥ 's stopped in material other than hydrogen. and those events were
mostly excluded in the tagged spectra by appropriate cuts on silicon detectors and
the scattering angle, Ox-. In order to understand this. one can recover some of
those events, which ¥7's stopped in material other than hydrogen. in the tagged
spectrum by loosening the cut on the energy deposited in the silicon detectors.
Keeping all the other cuts in Table 4.1 unchanged. only extending the cut on
the energy deposited in the silicon detectors from 1.25 < Eg; < 2.25 Me\ to

0.8 < Eg; < 3.0 MeV, as shown in the upper spectrum of Fig. 4.3, the broad
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Figure 4.2: Comparison of different background estimates for tagged neutron
spectra (as defined in Table 4.1) at thresholds of 1 MeV,e, 3 MeVe, and 5 MeV,.
The solid curves represent a third order polynomial fit to the background. and
the dashed curves represent the scaled untagged neutron spectra.
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Figure 4.3: Comparison of tagged neutron spectra at a threshold of 3 Me\ with
different silicon energy cuts. The upper spectrum is for the cut of 0.8MeV < Egp <
3.0MeV. and the lower spectrum is for a tighter cut of 1.25MeV < Eg < 2.25
MeV'.
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peak around 37! = 3.4 appears. Therefore. the scaled untagged neutron spectra
do not vield a good estimate for the background in the tagged neutron spectra.
As seen in Table 1.1, the background would be overestimated by 24%—48% if this

method were used.

background counts | background counts
threshold by FIT1: ny by FIT2: nys m;._zu.
1 MeV 11.3 14.2 26%
3 MeVee 5.6 8.3 48%
5 MeVee 5.0 6.2 24%

Table 4.4: Evaluation of the tagged neutron spectra background by using different
methods. FIT1 represents using a third order polynomial fit to the background.
while FIT2 represents using the scaled untagged spectra.

4.2.2 Comparison between Present and Previous Results

The neutron peak at 3~! = 3.4 found in the tagged neutron spectra. as shown
in Fig. -1.I. has determined the sensitivity of the E813 experiment to detect a
monoenergetic neutron in coincidence with a (X7, p)gom formation. However.
in comparing the combined efliciency, 4,7 vp. of the measured values with the
predictions, shown in Table 4.3. one finds that the measured values are about two
times larger than the predictions. Mention should be made first that the predicted
‘alue of €451 p Was calculated with two different Monte Carlo programs. In order
to investigate the validity of the present data analysis. a comparison between
the present analysis (referred to as the “new” analysis) and a previous analysis
(referred to as the “old” analysis) done by Markus Burger [111] with the same
data is discussed.

However. it is not straight forward to make a precise comparison between the

“new” analyvsis and the “old” analvsis because most of the parameter files had
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been re-calibrated for the “new” analysis: such as the timing parameter files. the
silicon detector parameter files. the chamber position parameter file. the nentron
detector parameter files. and so on. Furthermore. many mistakes in the analyzing
program subroutines have been discovered since then and corrected. If one ignores
these changes, however. the main differences between the “new” analysis and the

“old” analysis are that:

1. there are tighter cuts in the “new” analysis than in the “old”™ analysis on

the silicon detector geometry, such as SILI.AX. SILL.AZ;

(3]

a YVERT cut was introduced according to the actual target geometry in

the “new” analyvsis. while there was no YVERT cut in the “old” analysis:

3. the tag definition in the “new” analvsis is 7.5° < O~ < 10° and 1.25 <
Eq; <225 MeV. while it was 8.5° < fy- < 11° and 1.2 < Eg; < 2.2 MeV

in the “old” analyvsis.

In the following, after removing the extra cuts introduced in the “new” analysis.
the same data were reanalyvzed with the updated analyzing program and parameter
files. but using the cuts defined in the “old” analysis. with both angle cuts 8.5° <
Op - < 11° and 7.5° < O+~ < 10° respectively. to see if the result obtained from
the updated analyzing program and parameter files is consistent with the “old”

result. The results are discussed below.

The 8.5° < Ox+ < 11° Cut

With cuts 8.5° < f4- < 11° and 1.2\MeV < Eg < 2.2MeV. and all the other ents
defined in Table 1.5. the number of tagged £~ from the (7~. A'") data obtained
in 1995 was found to be 1857 (this compares to 1418 in the “old” analvsis [111]).
Fig. <. shows the resulting neutron spectrum with the electron equivalent energy

threshold of 3 MeV .. The background for the upper plot was fit with a third order
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polynomial. and the background for the lower plot was fit with the untagged
neutron spectra scaled by a factor —#% Using the parameters listed in Table
1.6 to predict the monoenergetic neutron number by using formula (4.1). the final
results are shown in Table 4.7. As seen from Table 4.7. 11 =+ 4 monoenergetic
neutrons (43.5 MeV) were found out of 1118 tagged ¥~'s in the “old”™ analysis
[111]. with the background fit by the untagged neutron spectra. [n the “new”
analvsis. the number of monoenergetic neutrons was found to be 9 = 6 with the
background fit by the untagged spectra and 15 £ 6 with the background fit by
a polvonomial. from 1857 tagged £~ 's. The two results are consistent with each
other within the error range. Furthermore. the measurement results are very

close to the Monte Carlo results, with a tag definition of 8.5° < - < 11° and

1.2MeV < Eg < 2.2 MeV.

| Name of cut Description Range
Esr Silicon energy 1.2 - 2.2 MeV
O - K ™ scattering angle 8.5° — 11°
MM.SIGMA Missing mass 1.13 - 1.27 GeV/¢&?
MASS.K Secondary mass 0.42 - 0.56 Ge\'/¢?
ZVERT Z vertex -40 - 10 cm
XI2 X2 0.0 - 50.0
DCA Distance of closest approach 0.0 - 1.0 cm
SILL.T Silicon timing 150 - 260 us
SILL.AX IS — Lyer -20-2.0cm
SILI.AZ IS7 — Zver -10.0 - 10.0 em

Table 1.5: Cuts used in the neutron spectrum in Fig. {.4.
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Figure 4.4: Neutron spectrum with 8.5° < 8- < 11° and 1.2 < Eg; < 2.2 MeV
cuts, at a threshold of 3 MeV,... The background in the top plot was fit with a
third order polynomial, while the background in the bottom plot was fit with the
untagged neutron spectrum.
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£stop v Ry nnp (for 3 MeVee)
(170+1.3)% | (85 £5)% | (53.2 £ 1L.0)% (8.3 £0.8)%
Table 1.6: Parameters used in the calculations shown in Table 4.7. z54, is the
-

¥ - stopping efficiency, and its value is from a Monte Carlo calculation [121}; » is
the efficiency for stopped £~ to form (X7. p)atem as discussed in section 1.3.2 of
chapter 1; R, is the branching ratio for the (£7.p)atorn — .\ + n reaction [106]-

[107]; nwvp is the neutron detection efficiency estirnated with DEMONS program
[116].

background measurement calculation
analysis estimate neutron # EstopIN D neutron # EstopTIN D
FB 15+6 0.0179 £0.0072 | 10.4+ 1.5 | 0.0124 £ 0.0016
“new” UNTB 9+6 0.0107 +£0.0071 | 10.4+ 1.5 | 0.0124 +0.0016
~old” UNTB 11 +4 0.0172 £0.0063 | 9.0+ 1.3 | 0.0141 £0.0017

Table 4.7: Summary of the analysis results for 8.5° < 0x- < 11°and 1.2 < Eg; <
2.2 MeV cuts. All errors are statistical. FB corresponds to using a third order
polynomial to fit the neutron spectrumn background; UNTB corresponds to using
the untagged neutron spectra to estimate the background.
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The 7.5° < @+ < 10° Cut

With the x4 - acceptance reduced to 7.5° < Ox- < 10° and with 1.2MeV <
Egi <€ 2.2 MeV cuts. along with the other cuts defined in Table -1.8. the number
of tagged £~ from 1995s (7. A7) data was found to be 1650 using the nupdated
analyzing programs and parameter tiles. Fig. 1.5 shows the neutron spectra with
the electron equivalent energy threshold of 3 MeVe,.. The background for the top
plot was fit with a third order polynomial. and the background for the bottom
plot was fit with untagged neutron spectrum scaled with E‘%ﬁﬁ%' The cnts are
described in Table 4.8. which are the same as the ones in Table 4.5 except for the
angle cut. Using the parameters listed in Table 1.9 to predict the monoenergetic

neutron number calculated from formula (4.1). the results shown in Table 1.10

are obtained.

Name of cut | Description Range
Es; Silicon energy 1.2-.2.2 )MeV
Op- K~ scattering angle 7.9° = 10°
MM.SIGMA Missing mass 1.13 - 1.27 GeV'/¢?
MASS.K Secondary mass 0.42 - 0.56 GeV /c?
ZVERT I vertex -40 - 10 ¢cm
XI2 X2 0.0 - 50.0
DCA Distance of closest approach 0.0 - 1.0 cm
SILL.T Silicon timing 150 - 260 ns
SILI.AX Ts; — Tyer -2.0- 2.0 em
SILI.AZ ZSI — Zver -10.0 - 10.0 em

Table 4.8: Cuts used in the neutron spectra in Fig. 4.5.

- -0

As seen from Table 4.10, with the 7.5° < g - < 10° angle cut. the peak at
43.5 MeV becomes much stronger than in the spectra with the 8.5° < 4. < 11°
cut, and the measurements of the combined efficiency, &7y p. become about two

times larger than the Monte Carlo results, just as in Table 4.3. This indicates that
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Figure 4.5: Neutron spectrum with cuts 7.5° < fg- < 10° and 1.2 < Eg; < 2.2
MeV at a threshold of 3 MeVe. The background in the upper plot was fit with
a third order polynomial, and the background in the lower plot was fit with the
untagged neutron spectrum.
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the angle cut is the main cause of the difference between the measurements and
the calculated results. By updating the analyzing program and parameter files.
or introducing the y vertex cut. YVERT. and the tighter geometry cuts on the

silicon detectors, the combined efficiency. £4,,75vp- does not change dramatically.

op v Ry nnp (for 3 MeVe)
12)% | 85£3)% | (332+1.00%] (8.3+08)%

st

(17.5

\

Table 4.9: Parameters used in the calculations shown in Table 1.10. 244, is the
¥~ stopping efficiency. and the value is from a Monte Carlo calculation {121}; v
is the efficiency for a stopped £~ to form a (£7.p)aem as discussed in section
1.3.2 of chapter 1; R, is the branching ratio for the (X7, p)atorm —> -\ + 1t reaction
[106]-[107]; nnvp is the neutron detection efficiency estimated with the DEMONS
program [116].

background measiurement calculation
estimate neutron # Estop!IND neutron # £ stopTIND
FB 2846 0.0375 £ 0.0084 | 13.6 1.3 | 0.0124 £ 0.0016
UNTB 20 &7 0.0281 = 0.0095 | 10.8 £ 1.5 | 0.0145 £ 0.0017

Table 4.10; Summary of the analysis results for 7.5° < 0x- < 10° and 1.2 <
Es;r < 2.2 MeV. All errors are statistical errors. FB corresponds to using a third
order polynomial fit to the background; UNTB corresponds to using the untagged
neutron spectrum to simulate the background.

From the above discussion. one can conclude the following: (1) the result
obtained in the “new” analysis is counsistent with the result in the ~old™ analvsis:
(2) more Monte Carlo studies are needed to investigate the angular dependence
of the ¥~ stopping efficiency; (3) the angle cut on 84 - is very sensitive to select

the stopping ¥ 's.
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4.2.3 Sensitivity of the H Particle Search

With the combined hyperon stopping efficiency and neutron detection efficiency.
& = Zuoplivp. measured in the (7. A7) calibration. the sensitivity in the H
particle search through =~ capture on the deuteron can be estimated. The target
svstem used in this calibration experiment was the same as in the H parrticle
search experiment.except that the upper target was liquid hydrogen instead of
deuterium; the kinematics of the ¥~ matched that of the =~ in the H particle

search as originally designed. As a result. assuming that the =~ stopping efficiency
is the same as the ¥~ stopping efficiency. the number of monoenergetic neutrons
from the reaction (Z7.d)atom — H + n can be calculated from:

Vo= Nz- -nvp(Eg)]-v-R (4.2)

' [7]1\'0(43.5)

where .V, is the number of monoenergetic neutrons expected from the reaction

(Z . d)atom — H + n. N=— is the number of the tagged =~. £ is the combined
hvperon stopping efficiency and neutron detection efficiency measured in the
(7. A7) calibration. nyp(Ex) is the neutron detection efficiency for Ex Mel
neutrons, I is the efficiency for a stopped =~ to form: a (Z7. d)giom. and R is the

branching ratio for the (Z7. d)atom — H + n reaction.

Using eq. (4.2)}. the number of monoenergetic neutrons per 1000 tagged = 's
produced from the (7. d)410m — H +n reaction can be estimated. with Aerts and
Dover's result {100] for the H production branching ratio. Table 1.11 shows the
results at a threshold of 3 MeV,. for different masses of the H particle. As seen
in Table 4.11. for 1000 tagged =7’s, the number of neutrons expected decreases
with the A binding energy. If the H particle exists, with roughly a total of 3000
tagged =~ (combined E813 data in 1993 and in 1995 [68][122]). it is expected to
see about 80 % 13 monoenergetic neutrons at 0 Me\' H binding energy and about

41+ 8 neutrons at 50 MeV H binding energy. under E813 experimental conditions.
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my B(H) | B! v R vR | nyp neutron
(GeV/c?) | (MeV) 1S | 2P 1S [ 2P (%) number
2.23 0 498 | 0.565 § 0.295 | 0.88 | 0.62 0.68 6.6 26.7T+£ 7.5
2.22 10 43010605} 026 081} 0.38 | 0.585| 6.9 | 24.0£6.7
2.21 20 3851 063 | 023 | 0.71]0.215| 0.495 | 8.0 | 23.6 £6.6
2.20 30 3520645 10215062} 0.16 | 0.435 | 84 | 21.v £6.1
2.19 40 3271 0.655 | 0.205 | 0.51 | 0.098 | 0.355 | 8.2 173 £ 4.8
2.18 50 307 0.66 | 0.195| 0.43 | 0073 | 0.295| 7.9 | 13.8£3.9

Table 4.11: Prediction for monoenergetic neutrons from the reaction (=Z7. d)gtom —>
H +n for 1000 tagged =~ using the ¢,,,, measured from the (77, A7) calibration.
at a electron-equivalent energy threshold of 3 MeV,.. mpg is the mass of the H
particle; B(H) is the H particle binding energy: 37! is (¥)”' of monoenergetic
neutrons from the (7. d)gtem — H + n reaction; v is the fraction of (=7, d)atorn’s
that are formed for which the = ’s are captured by the deuteron from an s-state
or a p-state [110]; R is the branching ratio of the reaction (=7.d)atom — H + 12
for the =~ captured in an s-state or a p-state [100]; nyp is neutron detection
efficiency. calculated from the DEMONS program [116].

4.3 Conclusion

BNL experiment E813 was calibrated by nsing £~ capture on a hyvdrogen target.
Through studying two successive reactions 7~ +p = £~ + A~ and (7. p)aom —
A +n. all the techniques used in the H particle search. such as hyperon production
and stopping, scattered and recoil particle identification, tagging the formation of
the hyperon-atom. and the monoenergetic neutron detection. were investigated.
The reaction (£ ~. p)atom — -\ +n was detected. through searching for a peak with
37! = 3.4 or Ex = 43.5 MeV in the tagged neutron spectrum. This result clearly
proves E813 experimental techniques and measurement ability. and indicates that
the experimental svstem has a very high precision to detect monoenergetic neu-
trons in the 37! tagged neutron spectrum. Based on the combined efficiency.
EstopTn p. Measured in (77, A'7) calibration. 81 + 13 monoenergetic neutrons for

an H binding energyv of 0 MeV'. 41 + 8 neutrons for an A binding energy of 50
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MeV. and about 20 neutrons for A binding energy of 100 MeV for roughly 3000
tagged = 's are expected under the conditions of experiment E813. The H pro-
duction branching ratio used in the calculation is based on Aerts and Dover's
result [100]. Furthermore, the calibration result also shows that applyving cuts on
the energy deposited in the silicon detectors and on the scattering angle of the A~
to tag the stopping hyperons in the upper target is very critical. In addition. the
combined hyperon stopping efficiency and neutron detection efficiency. zg,p7vp-
was studied for the electron-equivalent energy thresholds of 1 MeV,.. 3 Me\ .
and 3 MeV,. The background evaluation and the sensitivity of some important
cuts were discussed. All these show the importance of careful selection of the
cuts and provide very useful information on the analysis and the determination of
cuts in the H particle search. The (7=, A7) calibration results also indicate that
the earlier Monte Carlo simulation should be repeated. in order to better under-
stand the combined hyperon stopping efficiency and neutron detection efficiency.
Zstoplinp- If an A dibaryon in the mass range around 2131 < rny < 2246 MeV/¢?
should exist, then the E813 experiment has enough sensitivity to detect it. A
more deeply bound H dibaryvon in the mass range 1850 < my < 2180 MeV/c*
has been excluded by another experiment (E836) carried out on the same beam
line by the same collaboration through a study of the A\~ +* He = H + A~ +n
reaction [91]. The two experiments E813 and E836 were expected to cover the

entire mass region of interest below the 2.\ mass.
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