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Abstract

Experiments E787/E949 at Brookhaven National Lab are aiming to measure the
rare decay K™ — wtvi, expected in the Standard Model to have a branching ratio on
the order of 10719, This thesis is related to improvements to the performance of one
of fhe subsystems — the Range Stack Straw Chambers (RSSCs) which are designed
to assist in the charged particle tracking and range measurements. There was a long-
standing problem of poor resolution in the RSSCs longitudinal (z) measurement. In
this thesis, we focus on understanding the sources of the problem and testing of a
solution — a new electronics front end amplifier board developed by the TRIUMF
electronics group. The new electronics uses two discriminator thresholds: the high
threshold serves to remove cross talk effects and the low threshold serves to reduce
time walk effects, resulting in improved resolution. Bench tests of the new system at
TRIUMF from 1999 - 2001 showed significantly improved z resolution. A factor of 2

improvement was obtained, giving a z resolution of 1.5 cm. Initial results from E949

cosmic ray and muon data show a substantial z measurement improvement.
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Chapter 1. Introduction 1

Introduction

The experiment E787 at Brookhaven National Laboratory discovered the impor-
tant rare kaon decay, K™ — ntvi with the observation of two candidate events with
a background level of 0.15 events estimated[1]. E949, the successor to E787, will run
with higher kaon fluxes and will increase the single event sensitivity by an order of
magnitude taking advantage of a number of upgrades to the E787 detector. Modi-
fication to the electronic readout of tracking chambers studied in this thesis is one

aspect of the upgrade designed to improve the performance of the experiment.

1.1 Theory

1.1.1 The Standard Model

The Standard Model (SM) of Particle Physics, which provides a consistent theoretical
picture of our world’s fundamental elementary particles and interactions among them,
still contains many not fully understood parameters. These parameters such as those
in the Cabibbo-Kobayashi-Maskawa (CKM) matrix are not predicated by theory.
Precise measurement of these parameters can either confirm the SM or indicate new
physics beyond the SM.

In the SM, present evidence indicates that matter is built from two types of

fundamental fermions, quarks and leptons, which are structureless and pointlike on

the scale of 10717 m. There are three generations of leptons and quarks. Interactions
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among quarks of different charge are described by a so-called CKM matrix.

d Vud Vus Vub d
s = | Va Ves Vo s |- (L.1)
v ‘/td ‘/ts ‘/tb b

The quarks interact with each other via strong, weak, electro-magnetic and gravi-
tational forces. The weak interaction is described by a Lagrangian[2] in which the
charged current interactions are mediated by W+, W~ bosons and the weak neutral
current interaction by the Z° boson. The CKM matrix has four independent param-
eters which, in the leading order of the Wolfenstein parameterization[3], are A, A, p

and 7. In this parameterization, the CKM matrix elements are written in powers of

Cabibbo angle, A = sinfc ~ 0.22, as

Via Vis Vi 1—A2/2 A AX3(p — in)
‘/cd ‘/cs chb ~ /\ 1-— )\2/2 4'4)\2 y (12)
Ve Ve Va AN(1—p—in) —AN 1

The CKM matrix elements can be related in terms of the “unitarity triangle”. The

unitarity of Vo requires that

VioVud + Vg Ved + Vi Via ~ 0, (1.3)
and
Vi Vad VisVid
4] 4 = =0, 1.4
ViV T TV O (14)

This cancelation results in the flavor changing neutral currents (FCNCs) being forbid-
den at the lowest level, known as the GIM mechanism. With the use of Wolfenstein

parameters this becomes

(=p—if)+1+(-14+p+i7) =0 (1.5)
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where

—p=p(1- =), -=n(-=)[ (16)

which can be represented by a triangle in the complex plane with vertices A = (p,

1), B = (1, 0), and C = (0, 0), as illustrated in Fig. 1.1.

1.1.2 Motivation of searching for K+ — ntup

The motivation of the search for the decay K+ — 7wtvp stems from the desire to
measure the small, imprecisely-determined CKM matrix element |Vi4|, the coupling
of top to down quarks in the CKM quark mixing matrix. |V;4| can be accurately
determined by measuring K™ — wtvi after a correction for a charm quark contribu-
tion, which is indicated by the solid line extension to the right of (1, 0) in Fig. 1.1.
The AD side can be determined from the K+ — 7w+ vp branching ratio.

Another goal is to search for non-SM physics and to study the generation puzzle[4].
The GIM mechanism forbids the first order weak K+ — 7wtvi decays due to the
unitarity of Vogm(2]. Flavor changing neutral currents (FCNC) can only be realized
by second order decays, in which the different masses of the internal u, c, t quarks
spoil the GIM cancelation. In particular, the very large t quark mass increases the
branching ratio for K* — ntvi. An unexpected kinematic signature for the 7+ or a
decay rate in conflict with the SM prediction could indirectly reveal the existence of
new weakly interacting particles which would have eluded other investigations. For
example, K* — 77 X% and K* — 7+ X°X° decay modes may include particles X°
like axions, familons, hyperphotons, etc.

The ultra-rare decay K+ — wtvi is an attractive candidate for study for the

following reasons.

e Nearly the entire known spectrum of quarks, leptons, and bosons must interact

in the internal loops. Fig 1.2 shows the possible second order decay modes.
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X
¢ VeV od B D

Figure 1.1: Unitarity triangle in the complex (p,n) plané.

K™ - 7m7v in the Standard Model

s W N P v S S0 e v
Qa/3 e, L, T w :::::::
d A r d Q25 TTTTeeel T

K'Y S O E— v
u

+ 4 I Q2/3 1L, T

AN A e

Figure 1.2: The Feyman diagrams that contribute to the K™ — wTvi branching ratio.
All are second order weak effects.
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e Uncertainties from hadronic effects are removed by normalizing to the branching
ratio for the isospin-rotated K+ — n%*v, mode (Bg+_noe+y, = 0.0482[5]). The

branching ratio can be expressed in simplified form as

B(K* — mtvp) ~ 411 x 10‘11A4X02(xt)§ (e + (o —07] @)

po is defined as

p, N and ¢ are defined by

and

o= (—fgg)z. (1.11)

2

Equ. (1.7) defines an ellipse in the (p, ) plane centered at (po, 0). In the leading

order of the Wolfenstein parameterization,

c—1,7—on p—op

(1.12)
and Equ. (1.7) becomes
kaﬂwayﬁvp)=411xlo—“A%X%xgpf+4po—pf] (1.13)
where
Xolw) = 5[5 J_rf + 3;__1621 2], (1.14)

Ty = my2/mw? and py represents the charm quark contribution. Typically, po

is approximately 1.2 - 1.6 [6] which defines a circle in the (p, n) plane centered
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at (po,0) with radius ry given by

1 B(Kt > rtup)
ATX2(z,) 4.11 x 101

(1.15)

"=
¢ Long distance effects (e.g. those due to internal photon or meson exchange) are

negligible down to the 1073[7] level, in comparison with short distance effects

(i.e. those related to quark, lepton and gauge boson exchange).

For the above reasons, K™ — #w7vi may be the best source of information on the
magnitude of the SM ﬁarameter [Via|. If B(K*T — 7tuvw), mye, Vi, etc., were well
measured, the precision of |V;4| could be determined down to a precision of 6%(9).
QCD corrections to the charm contribution are the leading source of the residual

theoretical uncertainty.

1.2 E787 and E949 Experiments

E787 and E949 are kaon stopped experiments. Therefore, the kinerﬁatic features of
the daughter products are well defined. The signature for K+ — 7r‘_*1/17 is a KT decay
to a n of momentum P < 227 MeV/c and no other observable products. Definitive
observation of this signal requires suppression of all backgrounds to well below the
seﬁsitivity for the signal and reliable estimate of the background levels, preferably
to the level of 10711, The E787 and E949 experiments were designed to achieve this

level of sensitivity.

1.2.1 Backgrounds

The most troublesome background sources in the E787 and E949 experiments are:

e K* — ptv, decay (called K,5) : If the u* is mistaken for a 77, this event
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will appear to be Kt — wtvp. The branching ratio is 64% and the charged
track momentum is 236 MeV/c. It is rejected by particle identification, i.e., no

7t — put — et decay chain observed and by its momentum.

o Kt — 7t7% decay (called K,9): If both photons from the 7% decay are missed,
this event looks like K™ — wtvi. The branching ratio is 21% and the charged
track momentum is 205 MeV/c. It is rejected by detecting at least one of the

two photons from the 7° decay and measuring the momentum.

e 7T scattering events (called mgeq) : 7t from the beam could scatter into the
fiducial region of the detector and appear to be K* — ntvi decay. They are
rejected by good particle identification in beam counters, tracking of both the
kaon and pion, and requiring that the putative kaon decay occurs at rest in the

target.

e Charge Exchange: After entering the target, a K™ can interact with a neutron
in a nucleus to produce a K° and a proton. The subsequent decay K° — n+l~7,
where | = e or u, can mimic K™ — wtvi if the lepton is lost. This is called
the charge exchange background (CEX). CEX events are cut by looking for a

gap between the K and #* and by finding the lepton product.

A plot of the momentum spectra of K™ decay modes is shown in Fig. 1.3. The
K,» and Ky decay modes are two-body decays with mono-energetic peaks in their
momenta, ranges and kinetic energies. Our target searching mode is three-body
decay, which has a continuous momentum spectrum. This figure also depicts many
other decay modes, such as n*7tn~, 7¥n%% #°u*v,, utvy,y which are easier to

reject than K,p and K 9 due to their low charged-track momenta and/or extra decay

products.




Chapter 1. Introduction ( 8

T T T ] I T T 1) ¥ I ] ¥ T T ] T T T T I T ¥ T T I T T ¥ T
_ utv (.64)
1r+1rf1r' (.0586) e (.21) N
Y AN
“ o ((032) | P
=
.
- 1
E 7/
.“_é’
N
|||l.4-'|‘|”|||1 /6[ \\llllll;
O 50 100 150 200 250 300

Momentum (MeV/c)

Figure 1.3: Top seven K* decay modes.
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To aid in background suppression, the search takes place away from the K, and
the Ko peaks. E787 and E949 have studied the region above the K, peak, where
little background from these principal decay modes occur. The search was restricted
to the measured momentum 211 MeV/c < P < 230 MeV/c between the K5 and K,
peaks, with the maximum pion momentum 227 MeV/c from K+ — 7t decay at
rest!.

This experiment requires kaons to stop in the center of the detector and decay at
rest, making range, energy, and momentum all useful. By using range information,
the effective separation between the K+ — utv, and K* — 7n° is increased due
to the fact that muons are more penetrating than pions. However, nuclear reactions
complicate the situation. For example, beam pions can interact with material and
scatter into the fiducial volume, mimicking the K* — n*vi. In addition, multiple
scattering of daughter u* or 7% from kaon decay can add tails to kinematic mea-
surements. These considerations lead to a set of detector design considerations, such
as a low energy, intense pure K beam which can be stopped with a minimum of
material, a very good beam pion detection efficiency, very good " /u* separation,
an active highly segmented K+ stopping target for clean K and 7t tracking, redun-
dant measurements of the 7+ momentum and a redundant u* veto system as well as

hermetic photon detection for 70 rejection.

1.2.2 ET787 and E949 Detectors

The E787 and E949 detectors are well documented elsewhere[2, 6]; below is a brief
review. To suppress the backgrounds, techniques were employed to incorporate re-
dundant kinematic and particle identification measurements and efficient elimination

of events with additional particles.

! The measured range is 34 cm < R < 40 cm and the measured energy is 115 MeV < E < 135
MeV.
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The experiment employs an advanced design - low energy kaon beam and a so-
phisticated detection apparatus which is located inside a 1 T, 3 m diameter solenoidal
magnet. E787 and E949 work at the 30 GeV Alternating Gradient Synchrotron of
Brookhaven National Laboratory. The 730 MeV/c kaons are transported through the
Low Energy Separated Beam (LESB3) with a K:7 ratio about 4:1 [6].

Fig. 1.4 shows the side view and end view of the E787 detector. In order to identify
the RSSCs location clearly, only half of the detector is depicted. The E949 detector
is an upgrade of the E787 shown in Fig. 1.5. The function of the main sub-detectors

are listed below.

e Cerenkov counter : Used to identify kaons and pions in the beam. The Cerenkov

light is directed into 14 “K™* phototubes” or 14 “7+ phototubes”, respectively.

e Two Beam wire chambers(BWPCs) : Used to identify multiple beam particles
close to each other in space and time. For clean event selection, only one beam
K+ can be allowed to enter the detector. Principally, they are used to reject

pions missed by the Cerenkov counter.

e Degrader : Slows beam particles so that kaons stop in the target. Also, the

degrader absorbs the residual protons in the beam.

e B4 counter: Used for the beam K* /7" identification by measuring the energy

loss and time of entering the target.

e Stopping target : Kaons slow down and come to rest roughly in the center of the
target, where they decay to 7. A K will travel along the fibers, depositing at
least 5 MeV in each, and the outgoing 7 will travel perpendicular to the fibers,
depositing ~ 2 MeV in each. Thus, both the energy and space information is

helpful to distinguish “K™* fibers” from “n* fibers”. Six I-counters surround
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Figure 1.4: Half side view and half end view of the E787 detector. RSSCs are located
after the Range Stack layer 10 and 14/[2].



Chapter 1. Introduction 12

Collis Barrel
veto
N NN N 7 Pb-glass
T-Counter ate RRRNRNAN 7 counter
\':“ '// £/ ‘\ \\‘ ]'ﬂf 1
NN AN e
Barrel Veto \ Range
Phototubes tack
N [N Barrel veto
B4 Counter e Phototubes
Collar Counter ¥ S
Range Stac : et et e
Phototubes I Counter
7 e 2
A *
Beam ) 2
Target
Hole Count
oe oumter i Phototubes
L Range Stack
Cerenkov Counter Pho%otubes
Beam Chamber ! ¥ Counter
Target
Beam Chamber 2 End Cap
il % NI/ D Drift
i A AN D NV : Chanber
Degrader 7 Range Stack
o Chamber
End Cap veto

Figure 1.5: Full side view of the £949 detector.
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the target hexagonally, are used to define the fiducial region of the target and

measure the pion time used in the trigger delayed coincidence requirement.

Drift chamber : The Ultra thin Chamber(UTC). Charged particles pass through
the UTC creating the iénization electrons which drift to the anode wires with
a constant velocity. From the drift time one can determine the drift distance
from the charged particle trajectory to the closest hit anode wire. A number
of hit anode wires (up to 12) depict the particle trajectory. Since little energy
loss occurs in the UTC, the track is nearly circular and by fitting it, the pion
transverse momentum F,, is computed from 0.2999B,R MeV, where By is mag-
netic field in kilo-Gauss and R is the radius in centimeters. The longitudinal
momentum measurement is determined by measuring the dip angle from the

cathode strip hits in six foil layers. Momentum is therefore calculated from

sz/sinﬁdip.

Range stack: The RS is used to slow down the 7t and follow its decay at rest to
a put. The decay sequence 7+ — ut — et is the most important feature used
to reject muons. The range stack consists of 24 azimuthal “sectors” of stacks
of plastic scintillator. Each stack has 21 radial layers. Two range stack straw
chamber (RSSCs) layers are embedded in each sector to augment the range

measurement by providing tracking information.

Photon veto: A barrel veto and two endcaps surround the RS. They provide
photon detection and energy measurements. This is an effective tool to suppress

the K+ — 7t7® background since the 7° will decay into two photons.
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Range Stack Straw Chamber

2.1 Overview

2.1.1 RSSC geometry

The RSSCs were built at Princeton University. They are located after layer 10 (the
inner RSSCs) and 14 (the outer RSSCs) of the RS, where most of the pions stop. The
inner layer RSSC detector consists of 2 sublayers of 24 straw tubes per sector (see
the end view in Fig. 2.1) and the outer one consists of 2 sublayers of 28 straw tubes
per sector. Each straw tube is 3.4 mm in radius and has a 38-um thick Kapton skin
coated on the inside with Cu/Ni cathode together with a 50-pm diameter gold-coated
tungsten anode wire. The mass per cm? is 0.054g/cm?. The two sublayers of straw
tubes are offset by half cell from each other so that high efficiency can be guaranteed.
There are a total of 2 x 24 chambers, with 2496 straws installed in the E787/E949
experiments.

Figure 2.2 shows a top view of the RSSC. Two straws in the same sublayer are
connected in pairs on the upstream end using a dedicated “jumper card”. Connected
straws are separated by either 12 or 14 straws, for the inner or outer chambers
respectively, reducing the electronics channel count from 2496 straws to 1248 pairs.
The chambers are read out from only the downstream end because of the severe
space constraints and the desire to have the smallest possible cable length between

the chambers and the external readout.
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Figure 2.1: End view of an inner RSSC/[6]. Two sublayers of tubes are offset by half
cell from each other.

The advantages of this design are:

e The cells are isolated from each other by the 38-um thick Kapton skins. There-

fore, cross talk between cells along the anode wire is minimized.

e The structure of the straw chamber allows high spatial(xy) accuracy (as small

as half the straw tube radius) and unambiguous localization in space.

e The resolution of tracks is independent of a particle’s incident angle in the xy

plane, so one does not have to incorporate angular correction factors.

2.1.2 RSSC ‘readout electronics

The description of the readout electronics in this section is obtained from reference|6).
The E787 RSSC readout electronics include two parts. One is the front end electronics
which is sketched on the top of Figure 2.3!. The other one is the external readout

electronics which is sketched at the bottom of Figure 2.3.

I This diagram is sketched for one pair of straw tubes
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a “gumper card” is installed. The bottom part is the downstream end to which the
external readout electronics are connected[6].
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Since the front end readout arrangement makes access to the chambers very dif-
ficult, no active electronics components are mounted on the chambers. There are
no pre-amplifiers on the chambers. The front end consists of a single custom 2-layer
readout-card, with a daughter board containing a set of sockets that line up with pins
connected to the chamber wires that plug into the end of the chamber. This card takes
up minimal space, and is part of the mechanical structure of the chamber itself. The
straw walls are held at signal ground through a conductive-epoxy connection from
the straws to an aluminum gas tight end-piece box, which is mechanically connected
to the readout-card with small brass bolts. The high voltage is distributed onto a bus
on the front-end card, and to each straw pair through a custom 10 Mf2 surface-mount
resistor. The signals pass through a custom surface-mount HV blocking capacitor,
a resistor to match the straw impedaﬁce to the cables, and then through a connec-
tor built into the chamber to the cables themselves. The key elements in the front
end are the custom surface mount resistors and capacitors used for HV distribution
and blocking. While the resistors do not typical hold significant voltage, this custom
thick-film elongated surface mount part is able to withstand HV sparks.

The analog signals are transmitted from the chambers through coaxial cables to
the external electronics. There are 28 channels per external readout board. The
first active electronics the signals see is a Lecroy MVL407 comparator. After forcing
one end of the pair to always come late using a 25 nsec passive delay line, a time
difference pulse is formed using a 10H131 ECL flip-flop. Note that the flip-flop clock is
disabled while the primary time-difference pulse is being formed, so that the channel
is disabled while the time stretcher is active, and the channel is self-reseting if no
“late” pulse arrives. The primary time difference pulse is about 25 + 7 nsec wide,
with the z measurement encoded in that pulse width. This pulse is stretched by
about a factor of 45 using a linear “Time Stretcher” circuit, making it about 1100 +

300 nsec, which means signals from half of the chamber are always later than those
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from the other half. We call the former the late-tube half (i.e., the trailing edge
time half) and the latter the early-tube half (i.e., the leading edge time half). With
a modest 1 nsec resolution on the stretched pulse width, 20 psec resolution on the
primary pulse width is obtained, which would be a 0.3 cm resolution z measurement.
In practice, when running the chambers in the experiment, a 1 cm z resolution can
be achieved. The crucial requirement in the external electronics is to be able to set
the primary comparator threshold quite low, demanding a quiet circuit board and
threshold voltage. To keep the board quiet, in addition to bypassing the power supply
voltages, a ceramic 0.01 uF bypass capacitor is placed beside every power pin on the
entire board. The level is set with a potentiometer on the board front-panel, and is
shipped around at 100x the actual threshold level. It is divided down separately at
each comparator input, and a 0.01 uF capacitor bypasses each channel’s threshold to
ground. Since any noise pickup on that long trace is also divided down, the threshold
seen by the comparator is quiet. When the pulse arrives at the external electronics
boards, the rough amplitude is 100 mV high and width is 30 nsec wide. The typical
threshold is about 10 mV to suppress the noise. The other key feature is the linear
time stretcher circuit. Its schematic is included in Fig 2.4. The complete readout
system underwent a fairly severe set of tests done by the Princeton group: linearity,

temperature variation, power supply voltage variations and magnetic field effects.

The test results are listed in table 2.1.
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[ Description | Results |

Linearity Typical Deviations from linear fit
of + 20 psec primary pulse width,
over a range of 15-35 nsec widths
Temperature Variation Better than & 2 psec per
degree Celsius primary pulse
width, 5-35 degree Celsius
Power Supply Variation -2 V supply: 1.5 psec per mV,
primary pulse width -5.2 V
supply: 0.2 psec per mV, primary
pulse width rest: negligible
Magnetic Fields No observable effects in fields
up to 200 Gauss.
(Stray field at electronics racks < 20 Gauss)

Table 2.1: Tests performed on the end-to-end time readout circuit/6].

2.2 Limited streamer mode

2.2.1 Theory

The straw chambers are operated in limited streamer mode. The theoretical descrip-
tion in this section is reproduced from documents [10],[11],[12] and [13]. The model
for streamer formation is based on Townsend gas discharge theory and space charge
effects which distort the electric field near the anode wire and limit the electron
avalanche[10]. The streamer nature of the discharge was established by Charpak et
al.[11] and Fisher et al.[12]. It was observed that the centroid of charge generated
by the process was definitely away from the center of the wire, suggesting a prop-
agation from the wire towards the cathode. Atac[13] succeeded, by making use of
image intensifiers, in obtaining a detailed picture of single streamers, which appeared
as very thin (~ 200 pm) filamentary discharge channels, starting from the wire and
propagating along a few millimeters towards the cathode.

Figure 2.5[14] gives a traditional picture of the streamer mode — the relationship
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between the high voltage and the gain of working in the proportional state and in
the streamer state. At low vbltage, the behavior is characterized by an exponential
dependence on the high voltage. This is the proportional mode. At the high voltage
end of the scale, there is a sudden transition to a mode of operation, where the charge
collected on the anode is a linear function of the voltage. The output charge in this
mode is less dependent of the initial ionization. This is the so-called limited streamer
mode. Also indicated are two advantages for the limited streamer mode over the
proportional mode. One is higher gain (up to 10®) than that of proportional mode,
the other is the collected charge is less sensitive to high voltage fluctuations.

The avalanche process is depicted in Fig. 2.6. The particle passes through the
chamber and a cluster of ionization electrons is formed. The electron and ion mobil-
ities differ by a factor of about 103. Thus, the electrons are collected on the anode
wire in a few tens of nanoseconds, whereas the positive ions are essentially stationary
during this collection time, creating space charge. The avalanche process follows the
usual exponential behavior in the proportional region in Fig.2.5. The rate of growth
of the avalanche slows down as the voltage exceeds a certain value indicating that
space charge saturation is felt by the multiplying electrons, and cancels the applied
electric field[15]. As a result, radiative recombination may occur. For instance, in a
gas mixture Argon and isobutane, the process of recombination goes by the following
reactions [13):

At +e” — A*+1v (2.1)

The energy of the emitted photons could be high enough to reach outside of the space
charge cloud and produce electrons there from ionizing isobutane molecules® by the
process:

v+ CyHyo — C4H + e~ (2.2)

2 Isobutane here serves as a quenching gas.
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Figure 2.5: Collected charge as a function of high voltage (a 100um diameter wire
in a tube 12 x 12, filled with Ar(49.3%)+CaHe(49.8%)+C HsCHyOH (1.4%)). The
exponential relationship is for proportional state and the linear relationship is for
limited streamer state[14].

These emitted electrons drift to the anode wire giving rise to the observed current
signal.

The streamers quench themselves in a well controlled.way providing uniform elec-
tronic pulses for a given energy loss from a traversing particle. Once the streamer
process is triggered by the recombination photons, it will continue until the last such
photon creates an electron at the streamer front. This streamer formation process is
depicted in Fig.2.7

In short, in an iterative sequence, the amplification process develops towards the

cathode and extinguishes itself with the proper gas mixture. Hence, the limited
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streamer mechanism is a consequence of a delicate balance of the electron avalanche

in an electric field, which is dynamically adjusted by the avalanche process itself.

2.2.2 Chamber operation

The qualitative properties of the limited streamer operation depend on the wire di-
ameter, the gas composition, the high voltage, and the cathode material. Below, only
two main factors are discussed: the gas mixture and the high voltage.

A sufficiently quenching gas mixture is first needed in order to obtain stable,
uncritical, and noiseless streamer operation. However, the quenching power is a
function of the tube dimensions: the smaller the tube is, the bigger the quenching

action will be. Taking into account that the streamer propagates from the wire

toward the cathode, one can attribute the effect to the fact that the smaller the
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tube is, the shorter the streamer must be3. In practice, for small streamer tubes
one is substantially left only with isobutane, with which undesired effects were rarely
observed[16]. The isobutane as a quencher can absorb photons in the ultraviolet
range (wavelength 100 - 200 nm), thereby reducing their range to a few wire radii (~
100 pum). The transverse propagation of the discharge proceeds only in the vicinity
of the anode wire because of the short traveling range of the photons. The photons
have little chance to liberate electrons from the cathode via the photo-electric effect
beca;_use they will be absorbed before they can reach the cathode. The E787/E949
RSSCs work with a gas mixture of 25% argon and 75% isobutane. The consequences
of the high isobutane concentration are[17]:

1) very short wire pulse in duration, ~ 50 ns into a 50 Q load. The higher the
quenching power is, the shorter the streamer formation is, leading to shorter pulse
duration.

2) high working voltage. The high voltage provides the external electric field. At a
certain high voltage, space charge is saturated. Higher quenching power means slower
saturation. Thus, higher voltage is required to achieve similar behavior to those with
lower quenching gas concentration.

Choosing the right operating voltage is the second factor affecting the straw cham-
ber performance. Fig. 2.8 shows the typical counting rate curve as a function of the
high voltage using a collimated 1% Ru source and setting the discrimnator threshold at
10 mV. The initial rise is due to the gradual transition from proportional to streamer
operation. This effect continues increasing until the above transition is completed.
The flat region corresponds to fully efficient streamer generation. The efficiency just
above the knee (limited streamer mode) of the curve is around 70%. The efficiency,

of course, depends on the threshold of the discriminator. The large amount of ionic

3 Here the relevant gap is between the streamer tip and the cathode, which is fixed by the quenching
action of the gas mixture[16]. . '
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charge developed in the streamer process introduces a large dead time, accounting for
part of the reason for detection efficiency loss. The operating HV is chosen at 3450
V (just above the knee of the plateau). Beyond that, the tubes spark and the anode

wires may be broken.

2.3 RSSC position‘meésur'ements

The RSSCs are intended to give precise charged track measurement in the Range

Stack (RS).

2.8.1 XY measurements

The coordinates in the RSSC xy plane depends on the sector number, i.e., each RSSC
sector has its own xy coordinates. It is easy to transfer from the RSSC xy coordinates
to the UTC xy coordinates? by a Lorentz transform since the angle between them
for each sector is constant. The x axis is along the width of the RSSC and positive
x points to the late-tube half®. Positive y points to the barrel veto detector®.

The xy measurements of the charged track in the inner and outer RSSCs are used
in the RS track reconstruction. If the xy positions in RSSCs can be determined,

together with the entry point to the RS from the UTC extrapolation’, the crossing

41t is the fixed experimental coordinates in E787/E949.
5 See the description in section 2.1.2

6 The barrel veto is the outermost detector as illustrated in Fig. 1.4

"In order to reconstruct a track in the RS, the entering sector of the RS producing the T.2 signal
must be identified to notice the event coming. This is accomplished by identifying T counter (the
innermost RS counter) and the RS layer 2 counter with hits close to the detector strobe time.
Then, loop through drift chamber tracks and look for a match with a RS track. Thus, the entry
point can be determined and its xy can be calculated
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point of two RS sectors?, a list of those RS counters that are part of the charged track®
and the stopping counter'®, a hypothetical trajectory can be propagated through the
RS using a simple model for energy loss that approximates the RS as a solid block of
scintillator. The typical track reconstruction for a K,» event in x-y plane from the
UTC to the RS is depicted in Fig. 2.9.

The xy measurements in RSSCs are described in detail as follows:

e A charged particle may cause several tubes to be hit simultaneously. Therefore,
one should find out the hits associated with a cluster first. A new cluster is
defined by starting to search for a new chamber or if there is a gap between
the adjacent hits to be greater than 3 x (straw radius). Hits are separated into

clusters based only on their x positions.

e The individual x hits (e.g. for an inner RSSC) are calculated by formula “x =
Nyire % radius” for positive x or “x = (Nysre - 23) x radius” for negative x!! |
where *N,;..’ is the wire number. Then, the cluster x position is calculated by

averaging individual x.

e Then pick one cluster per RSSC layer according to which is closest to a series
of arcs drawn from the UTC extrapolation to the T counter through the sector

crossings. And that cluster average x is used as the true hit x position.

e The y values indicate the RSSC azimuthal radius which are 64.72 cm for the
inner RSSC and 74.54 cm for the outer RSSC.

8 Only positive tracks (bending towards lower sector numbers) are searched for. The xy coordinates
of the first and second sector crossing needs to be calculated.

9 This is done by performing a careful accounting of the energy deposited and the range of the
charged track in the RS.

10 The energy deposited in the last RS layer (called stopping counter) is used to estimate the range
of the charged track in the RS.

11 The reference point is the x position between the two middle straws in the first RSSC sublayer.
For the inner RSSC, this is between the early half of channel 23 and the late half of channel 0.




Chapter 2. Range Stack Straw Chamber 29

Figure 2.9: A typical Ko event reconstruction, showing the charged track trajectory
from the target to the RS in the z-y view. The large circle depicts the 3 super-layers of
the UTC. Isochrones are depicted as the small circles within these super-layers. The
thin bozes are the RS counters. There are two large circles between the RS counters
which depict the hits in the inner/outer RSSCs. Using the entry point, the crossing
sector point, each RS hit counters and two RSSC hits, the range in the RS can be
obtained and the charged track reconstructed in the RS.
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Figure 2.10: The r-z view shows the z information of the same Ko event. The center
smaller rectangle is the target. The center larger rectangle is the UTC. The four small
rectangles in the middle part are the end-caps. The inner big rectangles are the RS
and the outer big rectangles are the barrel veto.The RSSC hits are labeled using two
dark circles to show them clearly.

2.8.2 7 measurement

The z axis is defined to be along the direction of the kaon beam. Positive z points to
the downstream end. For the longitudinal (z) measurement, hits are only considered
if they are prompt and have ”reasonable” z measurements'2.

The RSSCs use end-to-end timing to get the z information as illustrated in
Fig. 2.11. When a particle hits a tube, signals travel to the downstream and the
upstream ends, respectively. Since both signals are read out from the downstream
end, one of them always travels a longer distance than the other. The time difference
from the trailing and leading edges is proportional to the hit position for a given
propagation speed in each tube. |

Suppose the whole tube length is lo, the velocity is vy, the signal travel distance

12 The measured time is between 10 - 90 ns and the valid |z| < 75 cm. Both of these cuts are rather
loose.
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Figure 2.11: RSSC schematic diagram of the end-to-end timing method.

in the jumper card (the C part in Fig 2.11) is ¢o, and the recording times in TDC are
ticading 8Nd trailing, corresponding to the signals from end A and end A’ respectively.

The hit z position can be figured out using the following equations:

[

UOttrailing =g+ (50_ + Z) + co, (23)
l

'UOtleading = ('é)‘ - Z) (24)

Subtraction Equation 2.3 from equation 2.4 gives:

UO(ttrailing - tleading) = lO + 2z + Co (25)
Thus,
g = ’U()At - (lo + Co) (26)
2
2= KAt + B (2.7)

where At = tirgiling - bieading; the slope K = vg/2 is the effective velocity; the intercept

B = -(lo+co)/2 is the effective length.
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In E787, the RSSC z is calculated by a weighted average of the individual z hits
in a cluster, taking into account their uncertainties. The r-z reconstruction of the

same K u2 event as in Fig. 2.9 is depicted in Fig. 2.10.

The RSSC z information is used to make a useful cut on the residual of (Zyrc-

Zgrssc)'® to separate large angle scattering muons from pions.

1371t is the difference between the z positions from the track of the UTC extrapolated to the RSSCs
and the z positions of hits in the inner and outer RSSCs.
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The solution to the poor RSSC z position

measurements

3.1 The RSSC measurements in E787

3.1.1 History

In E787, The quality of the RSSCs’ z measurement can be checked by using a K5’
sample, requiring the muon momentum, range and energy at the right position within
3 02 Fig. 3.1 shows the residual (Zyrc - Zrssc). If the chambers were working
correctly, we would expect a Gaussian distribution, centered at zero. However, there

are three problems:

o First, the mean difference is not zero in both cases, suggesting that the z cali-
brations of the RSSCs with respect to the UTC are incorrect. This can easily

be remedied.

e From Monte Carlo simulation, the resolutions of the residual for K, data are
1 cm. The much worse observed resolutions indicate there may be some unex-

pected contributions to the RSSC z measurement.

! For the K sample, events are required not to be a beam background, no photon detected and
particles are well reconstructed and identified not to be pions with momentum > 211 MeV/c,
Range > 33 cm and energy > 115 MeV.

2 The requirement removes events suffering large angle scattering. Therefore, those suffering the
multiple scattering events should show a normal distribution.
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Figure 3.1: Residual (Zyrc - Zrssc) from the K, sample. The left one is for the
inner RSSC and the right one is for the outer RSSC.

e More troubling is that the distributions are not well fit by Gaussians. The tails
in the distributions indicate that the RSSCs sometimes badly misreconstruct
the z positions. The large tails on the left side of peaks mean an excess of events
in which the z position of the RSSC cluster is significantly downstream of the

z position of the extrapolated UTC track[18].
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3.1.2 Study of pion samples

The residual (Zyrc - Zrssc) resolutions of K o® from the Monte Carlo simulation and
from a 1998 data sample were studied to unfold what is behind the poor resolution.

The distributions of the residual are plotted in Fig. 3.2 and Fig. 3.3 . The resolu-
tions of the residual are listed in Table 3.1.

The worse observed resolutions indicate that there are contributions, other than
physics contributions?, to the z measurements, which can be represented by the dif-
ferences® between the MC and t.he data in the third column of Table 3.1.

In the third column, the downstream ends show worse resolutions than those
on the upstream ends. The RSSC electronics contributions on the upstream and
downstream ends should be identical, considering the fact that the upstream and the
downstream share the same electronics channel. The worse results on the downstream
ends indicate that the contributions include an unknown source, other than the RSSC
electronics contribution. And the unknown contribution has a larger impact on the
downstream ends. An explanation will be given in section 3.2.1.

Also, in the third column, better resolutions can be obtained in the outer RSSCs.
However, in the MC, the outer RSSCs show worse resolutions due to greater multiple
scattering. And the electronics contributions from the inner and outer RSSCs should
be identical due to the similar electronics. The better performance in the outer
RSSCs indicate the unknown contribution overrides the physics contributions and has

a smaller impact on the outer RSSCs. An explanation will be given in section 3.2.1.

3For the K. sample, events are required not to be a beam background, have photon detected
and be well reconstructed and identified not to be muons with momentum < 211 MeV/c, Range
< 33 cm and energy < 115 MeV.

4 Physics contributions to the z resolution include the 7+-nuclear interaction and multiple scatter-
ing effects in the range stack, which can be simulated by the Monte Carlo simulation.

5
AUZ = \/ agata - U’thmc' (31)
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Figure 3.2: Residual (Zyrc - Zrssc) of the Ko sample from the Monte Carlo sim-
ulation. ’Inner’ indicates the inner RSSC; ’outer’ indicates the outer RSSC; ’up’
indicates the upstream end; ’down’ indicates the downstream end; ’mc’ indicates the
Monte Carlo simulation.
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0.(M.C.) (cm) | 0.(Data) (cm) | Ao, (cm)
Inner upstream 1.37 2.88 2.53
Inner downstream 1.33 3.21 2.92
Outer upstream 2.12 2.79 1.81
QOuter downstream 2.09 2.97 2.11

Table 3.1: Residual (Zyrc - Zrssc resolution of the Ko from the Monte Carlo
simulation and from a 1998 data. Upstream is defined as z < 0, while downstream
is defined as z > 0. Ao, is the difference of the z resolution between the first two

columns.

0.(Muon) (cm) | o,(Pion) (cm)
Inner upstream 4.44 2.88
Inner downstream 4.62 3.21
Outer upstream 6.29 2.79
Outer downstream 6.37 2.97

Table 3.2: Residual (Zyrc - Zrssc resolution comparison between the large angle
scattering muon sample and the K o sample.

3.1.3 Contributions to the resolution

In order to figure out what contributes to the resolution, the muon tail sample and
K9 sample were studied. The muon tail sample includes muons suffering large angle
scattering in the RS. The measured range and energy are far below the expected
peak positions, leading to muons migrating into the pion signal region. Fig. 3.4
clearly shows this phenomenon. In this figure, the different kaon decay modes are
described by different clusters or bands. The large angle scattering muons from K,
and K, migrate into the pion range indicated by the rectangle.

Results from large angle scattering muon sample and K, sample are listed in
Table 3.2, |

The unknown contribution to the z measurement is hypothesized to be due to the
different energy loss dE/dX for the low momentum muons and pions. For a given

momentum, since the mass of the pion is greater than that of the muon, 1/4% for
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the pion is greater than that for the muon, where 5 is v/c. From the Bethe-Bloch
equation (Equ. 3.2),

Z 1
—ax = Ko G g ) - 7, (3:2)

where Z is the atomic number, A is the atomic mass, q is the charge number and

y— (3.3)

V1-6%
Energy loss is approximately proportional to 1/82, resulting in relatively higher en-
ergy losses for pions (typically 50% higher). Thus, it was suspected that the better

z measurement observed for pions was due to larger energy loss which suggests that

the pulse amplitude may affect the z measurement in the RSSCs.

3.1.4 Further study about contributions to the resolution

It is hypothesized that the unknown contribution to the RSSC z resolution depends
on pulse amplitude. The larger the amplitudes are, the better the resolutions are.

Bench tests were done using an %°Fe source® and a 1% Ru source” to confirm this
conclusion. Sources were put on the tube 1, tube 2 and tube 3 of the RSSC on
the downstream, middle and upstream positions, respectively. The z measurement
resolutions, listed in Table 3.3, show the results from the %> Fe source was better than
that from the 1% Ru source due to the fact that the signal amplitudes of the former
are much larger than the latter’s.

Thus, if we can increase the signal amplitude, better z measurement can be

6 For the %5 Fe source, only one tube is hit per event. 3 Fe decays via electron capture to 5°>Mmn,
which de-excites and produces a 6 keV K x-ray. If the x-ray is captured in the chamber gas, a
localized ionization avalanche is created, resulting in a pulse resembling one from a charged track
in the straw.

7 As for the 196 Ru source, the situation is similar to the E787/E949 circumstance since the 1% Ru
emits electrons which pass through the chamber and create limited streamers in the chamber gas.
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position | resolution from an * Fe source | resolution from a % Ru source
Z (cm) W1 WQ W3 (cm) ‘ W1 W2 W3 (cm)

36 | 094  1.21 094 3.81 590 4.61

2.0 0.64 095 0.75 2.59 2.70 3.00

-34 0.70 1.17 0.81 264 215 235

Table 3.3: Z resolution comparison from an 3 Fe source and a °® Ru source for an
inner RSSC. The former resolution was better than the latter’s due to the larger
amplitude. Wy indicates tube 1. Wy indicates tube 2. W3 indicates tube 3.

achieved. One possible solution is to increase the high voltage. The E787 RSSCs
system would work well if we could increase the voltage gain. As explained in the
chapter 2, the higher gain means more ionizated electrons collected on the anode wire
per event, giving a larger pulse amplitude. For example, in bench tests, the pulse
amplitude of an 3° Fe source is about 28 mV at 3000 V and is about 60 mV at 3450 V.

However, this approach is infeasible due to the RSSC breakdown at higher voltage.

3.2 Explanations

3.2.1 Time walk

Based on the image from the true pulses shown in Fig. 3.5, an explanation to the
poor z resolution may be given - the resolution depends on the signal amplitudes due
to time walk. The pulse images, in Fig. 3.5, show the leading edge timings from two
adjacent channels shifting because of the different amplitudes.

Consider, for example, two signals of different pulse height but exactly coincident
in time as shown in Fig. 3.6. Suppose these signals are introduced into a discrimi-
nator with a fixed threshold. Because of the difference in amplitude, signal A will

trigger at time ¢, and signal B will trigger at t;, although both are exactly coincident.

The dependence on amplitude causes the logic signal to “walk”. This phenomenon
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Figure 3.5: Typical RSSC pulses from two adjacent straws. Different amplitudes result
in time shift due to the fized discriminator threshold. The bottom two curves are the
part between two vertical dashed lines in the falling edges of the top two curves, which
are enlarged to show the time shift clearly.

contributes to the poor RSSC z resolution.

Then, we can answer the questions left in section 3.1.2. For the downstream end,
the worse resolution is due to the greater attenuation and dispersion of the signals.
When a hit occurs on the downstream end, the time difference from the trailing and
leading timing is larger than that when a hit occurs on the upstream end. Thus, the
amplitude difference is greater on the downstream end than that on the upstream
end. Hence, larger time walk occurs when hits are on the downstream end leading
to the worse z measurements. Likewise, the better resolutions in the outer RSSCs is
because the smaller traversing velocities (the larger energy losses) in the outer RSSCs

give larger pulse amplitudes leading to smaller time walk.
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Figure 3.6: Schematic diagfam of the time walk effect.

3.2.2 Cross talk

When a particle hits a tube, a small amplitude cross talk can be induced in its neigh-
bors. Each straw tube is isolated from the others by a metal isolating film, minimizing
the possible cross talk along the tube. However, the connection of the straw pairs on
the upstream end (the connection in the jumper card) and the connection between
the chamber and the external cablevs have little ‘shiellding protection. Cross talk may
occur at any of the three positions (A, A’, C) indicated in Figure 2.11.

For the E787 RSSC system, cross talk was suppressed by a high discriminator
threshold and can be negligible. As introduced in section 2.1.2; the threshold of the
comparator on the external electronics board was set at 10 mV for suppressing the
noise and cross talk in E787. Let’s verify that 10 mV is a suitable value to suppress
cross talk in the E787 RSSC system.

A collimated 1% Ru source was put on the tube 18 of an inner RSSC to investigate

8 Tube 1 indicates the first tube on the top sublayer of the RSSC from right to the left in Fig. 2.1,
while tube 2 indicates the first tube on the bottom sublayer of the RSSC from right to the left in
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Figure 3.7: The definition of the cross talk count rate. ‘Wi’ indicates the hits on
the tube 1, Wy’ indicates the hits on the tube 2 and ’Scin’ indicates the hits on the
scintillator. Tube 1 and the scintillator were used as a trigger.

the behavior of cross talk in tube 2 varying with the tube 2 discriminator threshold.
The definition of the cross talk count rate is shown in Fig. 3.7. The curve in Fig. 3.8
dropped down because cross talk was removed when raising the tube 2 discriminator
threshold. The flat curve above 10 mV indicates that almost all cross talk was
removed. And it can’t drop to zero due to the fact that a particle usually hits two
tubes which are located at different sublayers of the RSSC simultaneously (i.e. tube
1 and tube 2 in this case.). Thus, 10 mV was a suitable value to suppress cross talk

in the E787 RSSCs.

Fig. 2.1.
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Figure 3.8: Cross talk count rate vs tube 2 high threshold. The source was on tube 1.

3.3 Add-on board

From section 3.2.1, one can conclude that the larger the signal amplitudes are, the
smaller time walk is. Thus, a possible solution is to add afnpliﬁers to the E787 RSSCs.
However, cross talk can also be amplified simultaneously.

In order to get around this shortcoming, the TRIUMF group designed an add-
on board with two discriminators for each channel to go between the chamber and
the existing external electronics. A high threshold eliminates cross talk and a low
threshold is used to minimize time walk. Fig. 3.9 shows the circuit diagram for a

typical channel.

3.83.1 Working principal

This add-on board has 56 channels, including two amplifiers, a high-threshold dis-

criminator, a low-threshold discriminator, a delay line and a coincidence.
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Figure 3.9: Circuit diagram for a typical add-on board channel. Signals are fed from
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delay line and a coincidence.
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After passing through the input protection diode, the analog signal from the straw
chamber is input into two amplifiers. The amplifiers serve two purposes:

1) amplify the signal from the chamber. The gain is not easy to determine as it
is somewhat related to the size, shape and bandwidth of the input signal. The gain
appears to be approximately 10 to 12.

2) shape it to a convenient form for further processing.

Then, the analog signal is divided into two identical parts: one goes into the high
threshold discriminator; the other one goes into the low threshold discriminator. The
logical signal from the high threshold discriminator is then fed into the coincidence,
while the logical signal from the low threshold discriminator is delayed about 5 ns
before being fed into a coincidence. Fig. 3.10 shows how the new electronics work.
Thus, time walk can be minimized by the low threshold which determines the start

time of the signal, while cross talk is removed by the high threshold.

3.3.2 High threshold

Since with the additional amplifier the signal amplitude is increased by at least a fac-
tor of 10 and the cross talk amplitude is also increased proportionally. An appropriate
threshold value needs to be determined to suppress cross talk.

Bench tests using a % Ru shown in Fig. 3.11 and an 5% Fe® sources were done and
results are shown in Fig. 3.12. The cross talk count rate, e.g. for the % Ru source, is
described using the scintillator and the ith tube as a trigger to investigate the cross
talk in neighbor tubel!?.

The left graph in Fig. 3.12 is for the % Ru source. The source was put on the ith

9 The basic setup is the same as with the 1% Ru source, except there is no scintillator trigger.
10

Rate = (Wl - Scin - Wi+1)/(Sc2'n . Wl) (34)

where 'W;’ and "W(i + 1)’ represents the hits on tube i and tube (i+1) respectively, and ’Scin’
represents the hits on the scintillator.
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Figure 3.10: The logic diagram of the dual thresholds of the new electronics. The low
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Figure 3.11: Bench test setup.
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tube. Most of cross talk was removed‘when the high thresholds were set at > 60 mV.
The circles show cross talk induced into a neighbor tube laying in a different sublayer
of the RSSC. The rate did not drop down to zero since a particle usually hits two
adjacent tubes in different sublayers simultaneously. The triangles show cross talk
in a neighbor tube in the same sublayer of the RSSC. The rate was almost down to
zero above 60 mV since a particle can’t hit two adjacent tubes in the same sublayer
simultaneously.

The right graph in Fig. 3.12 was obtained using the % Fe source to observe the
pure cross talk effect. For the 5 Fe source, only one tube is hit per event. Thus,
when measuring cross talk rate by using an adjacent tube as a trigger, only cross
talk induced from that trigger wire is present. When the high threshold was above
60 mV, almost all of the cross talk was removed. Thus, the rate shown in the right
graph went down to zero above 60 mV.

It appears that a 60 mV high threshold is suitable to suppress cross talk for all

cases.

3.53.3 Low threshold

The function of the low threshold is to minimize time walk. This is illustrated in
Table. 3.4 which shows the z resolutions for the upstream, middle and the downstream
ends with low threshold at 10 mV and 20 mV, respectively. High thresholds were
set at 100 mV enough to suppress cross talk. It is clear that the case of 10 mV low

threshold gave a better resolution due to smaller time walk.

3.8.4 Efficiency

The tube fired efficiency is defined as the number of events with the tube and the

scintillator!! fired simultaneously, divided by the number events with only the scin-

11 The scintillator serves as a trigger.
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Figure 3.12: Cross talk count rates in neighbors vs high thresholds of neighbors. The
left one is for 1°® Ru and the right one is for °Fe. The curves labeled by the circles
correspond to the situation that the tubes lay in the different sublayers of the RSSC,
while those labeled by triangles correspond to the situation that the tubes lay in the
same sublayer of the RSSC, where 'W;’ and Wi + 1)’ represents the hits on tube 1
and tube (i+1) respectively, and ’Scin’ represents the hits on the scintillator.

| Low threshold | Upstream middle Downstream |

10 mV 1.50 1.72  2.36
20 mV L.77  3.02 3.61

Table 3.4: Z resolution comparison between different low thresholds on upstream,
middle and downstream positions. The lowest threshold gave the best resolution.
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tillator fired!2. The efficiency depends on the source position and the scintillator
position for a given high voltage and a given gas mixture. _

Tube 3 and its partner tube 15 were tested on an RSSC chamber. The 1% Ru source
was on tube 3. The initial decreasing parts suggest that cross talk was removed when
the corresponding high thresholds were raised. Above 60 mV, the curves became
roughly flat indicating most of the cross talk was removed and the efficiency was
roughly 60%. The efficiency of tube 15, kept decreasing above 60 mV. This is because
when the true hits occurred on tube 3, Signals traveled a longer distance from tube 3 to
tube 15 and the signal amplitudes were decreased due to attenuation and dispersion,

leading to efficiency loss even with the threshold above 60 mV.

12 For example,

Efficiency = (W3 - Scin)/(Scin) A (3.5)

where '"W3’ represents the hits on tube 3 and ’Scin’ represents the hits on the scintillator.
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Comparative tests

Comparative tests with/without the add-on board were done to demonstrate how

the new board improves the RSSC position resolution.

4.1 Electronics circuit for comparative tests

Let’s review the electronics circuits stated in previous chapters. When a hit occurs,
two signals are created, corresponding to the leading edge and trailing edge times.
Both are fed into separate channels on the new add-on board to remove the cross
talk and minimize time walk. Then, the qualified signals from this pair of straws
are fed into the external electronics board, where the z information is encoded in an
output pulse width (see description of “external electronics”). In E949, the width is
measured by subtracting the leading edge time from the trailing edge time using a
Fast-bus TDC. To obtain the same information in our bench tests, we used CAMAC
TDCs (LRS) and the following system. The signal width was measured by feeding
it into logic FAN OUT where it is divided into two parts — one of which is inverted.
Then, both are fed into discriminators. Since we use the leading edge of the signal
as the discriminator trigger, there is a time difference from these two signals after
the discriminators, corresponding to the time difference from the leading and trailing
edges of the output signals (see Fig. 4.1). Finally, the z position can be determined

from the time difference (as in equation 2.7). Here, the scintillator is used as a trigger

to start the TDC when using the % Ru source.
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Figure 4.1: Logic circuit for the bench test of the end-to-end timing measurement.

4.2 Tests of an inner RSSC

The first tests used an inner RSSC (°S27’). Tube 2 was selected for testing. The
test conditions included: 1) the ! Ru source; 2) high voltage at 3450 V and 3)
Argon/Isobutane: 25%:75%. The tests were done on the downstream end and the
upstream end with/without the new electronics, respectively.

Results in table 4.1 show that the position resolution improvement was correlated
with the source position. A factor of 2 (1.3) improvement in resolution was observed

on the downstream (upstream) ends.

4.2.1 Selection of the earliest hit tube

In E787, we obtained the z information from the weighted average z of the individual
hits in a cluster. In E949, the earliest hit in a cluster is selected as the true hit and

its z 1s used as the z measurement.

In Fig. 4.2 shows the relationship between the tube 2 time and the leading edge
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position | o With add-on board (cm) | o without add-on board (cm)
7= W1 WQ W3 W1 W2 W3
40.5 cm 233 182 233 3.88 581 4.69
2.0 cm 227 179 191 258 278  3.09
-40.5 cm 191 158 194 2.67  2.09 2.33

Table 4.1: Z resolution comparison for an inner RSSC with/without the add-on board.
The % Ry source was on tube 2 (W). The resolutions for Wi, Wy and W3 were
improved significantly. Wy indicates tube 1; Ws indicates tube 2; W3 indicates tube 3.

time® difference between tube 2 and its neighbors. It is evident thaf tube 2 gives
better time resolution when it precedes its neighbors. Normally, charged particles hit
two tubes simultaneously (one in each sublayer of the RSSC). Because the ionization
positions are different, the drift distance of the ionizated electrons are different in the
two tubes. Thus, the time of arrival at the anodes is different. If the two simulta-
neously hits arriving within the add-on board coincidence time window?. Cross talk
from the fast pulse into the other is unavoidable since it superimposes on the signal
after which the high threshold is crossed. Thus, averaging the z position from the two
simultaneous hits worsens the resolution. The earliest hit in a cluster can be selected
to suppress cross talk occurred within the add-on board coincidence time window.
The results after this selection are shown in the second column in table 4.2.
Distributions comparison with and without the new electronics is shown in Fig. 4.3.
The right graphs are for the cases without the new electronics®. while those on the
left are for the cases with the new electronics after the earliest hit selection*. It is
evident that the new electronics is helpful for the resolution improvement and much

clean tails can be obtained.

! In practice, the leading edge times are used as the hit times.

2 This time window is determined by the high and the low thresholds shown in Fig. 3.10, approxi-
mately 5 ns

3 The threshold was at 10 mV.
4 The high threshold was at 60 mV and the low threshold was at 10 mV.
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Figure 4.2: Leading edge time differences vs tube 2 time. The top row graphs are for
the downstream end, while the bottom row graphs are for the upstream end. The left
two are for cases related to tube 1 and tube 2; while the right two are for cases related
to tube 3 and tube 2. It is evident that tube 2 gives better time resolution when it
precedes its neighbors.




Chapter 4. Comparative tests 57

- x/ndf 1984 / 18 L x'/ndf 1570 / 30
- Constant 332.0 - Constant 113.5
500 Hean 40.63 140 Mean 40,10
: Sigma 1.599 C Sigma “ 5.813
400 [ 120 £
- 100 __ Downstream
o Downstream C
300 L 80 L
r I
200 60 -
- 40 F
100 C
C L 20 |
O_JI[IIIIIIJIIILJI. | :lllllllllllllkﬂnllllll

0
-50 -25 0 25 50 =50 -25 0 235 o0

Z position(cm)(earliest hits)(with add—on board) Z position(cm)(without add—on board)

‘ - ¥/ndt 8514 / 16 E ¥/ndf 1712 /18
300 b | 400 P
- Sigma 1,456 - Sigma 2.086
C 350
250 [ -
C 300
200 [l Upstream 250 E Upstream
150 F 200 —
K 150 F
100 :
C 100 F
50 L 50 E
:JILIIILIIIIIIIIIIJI :ll\{kaLJ,_liJJllllJluJJl

: , 0
-25 0 25 50 =50 =25 0 25 50

|
(@)
(@)

Z position(cm)(earliest hits)(with add—on board) Z position{cm)(without add—on board)

Figure 4.3: Z information for an inner RSSC with/without the new electronics. The
source ' Ru was on tube 2. Graphs on the left are for cases with the new board (the
earliest hit selection was applied), while those on the right are for cases without the
new board.
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position o with board (cm) o without board (cm)
‘all’ ’earliest’ ’single’
40.5 cm 1.82 1.60 1.31 - 5.81
2.0 cm 1.79 1.55 133 2.78
-40.5 cm 1.58 146 1.33 2.09

Table 4.2: Z resolutions of the tube 2 comparison from averages of all hits, the se-
lection of the earliest hits and the single tube hits in an inner RSSC with the new
electronics. The results from cases without the new electronics are also listed. “All”
means the average time for all hits per cluster, “earliest” means the earliest time
among a cluster and “single” means such kind of events with only one tube fired.

4.2.2 Other contributions to the position resolution

Cross talk is expected to be suppressed when high threshold is set at 60 mV. However,
when cross talk comes in on the leading edge of a true hit pulse, as in Fig. 4.4, it
will affect the time resolution due to time walk because the timing is determined by
the small cross talk pulse and the high threshold is passed by the true hit pulse. The
phenomena can be demonstrated by selecting single-tube hits®. Results of single-tube
hits are shown in Table 4.2. Since cross talk doesn’t occur, the resolution from the
single-tube hit events is better than the average from all-hit events, even when the
earliest hits per event are selected. Unfortunately, we can not exclude this kind of

cross talk with the present technique.

4.3 Tests of an outer RSSC

Another comparative tests used an outer straw chamber ("L40A’). The experimental
conditions were similar to those for the smaller inner chamber test. The % Ru source
was put on tube 3. In Fig. 4.5, the z peaks with the new electronics on the upstream

and the downstream ends show the evident resolution improvement and smaller tail,

5 A single-tube hit indicates that only one tube is hit per event. Thus, no cross talk occurs at all.
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Figure 4.4: Schematic diagram of the cross talk superimposed on signal, resulting in
the time shift.

Z position | o with add-on board (cm) | o without add-on board (cm)
Wy W Wy Wy W Wy
37.0 cm 267 224 245 4.09 395 3.67
18.5 cm 2.67 1.79 249 3.33 3.18 3.58
3.0 cm 248 161 224 3.52 3.03 276
-27.5 cm 233 191 206 3.33 345 246
-46.0 cm 224 167 221 3.09 2.60 285

Table 4.3: Z resolution comparison for an outer RSSC with/without the add-on board.
The 1% Ru source was on tube 3 (W3) of an outer RSSC. The resolutions for tube 2
(Ws), tube 8 (W3) and tube 4 (Wy) were improved using add-on board.

compared with the cases without the new electronics.

Resolutions with/without the new electronics are listed in Table 4.3. Comparative
results among the average of all hits, the selection of the earliest hits and single tube
hits are listed in Table 4.4. From these two tables, the same conclusions as for the

inner RSSC case are obtained: significant z resolution improvements were achieved

using the new add-on board and selecting the earliest hit in a cluster.
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Figure 4.5: Z informatioﬂ for an outer RSSC with/without the new electronics. The
106 Ry source was on tube 8. Graphs on the left are for cases with the new board, while
those on the right are for cases without the new board.
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position o with board (cm) o without board (cm)
‘all’ ’earliest’ ’single’
37.0 cm 224 212 191 3.95
18.5 cm 1.79 1.61 1.30 3.18
3.0 cm 1.61 145 1.27 3.03
-27.5 cm 1.91 1.73 1.36 3.45
-46.0 cm 1.67 146 1.33 2.60

Table 4.4: Z resolution comparison of tube 8 from the averages of all hits, the selection
of the earliest hits and the single hits in an outer RSSC with the new add-on board.
The results from cases without the add-on board are listed also. “All” means the
average time for all hits per cluster, “earliest” means the earliest time among a cluster
and “single” means such kind of events with only one tube fired.

4.4 Tests of a production-model electronics

A production-model electronics board with 56 channels was also tested. T'wo positions
on the ’S27A’ RSSC were tested on the downstream end (z = 30.25 cm) and the
upstream end (z = -38.25 cm). The % Ry source was moved from tube 1 to tube 12
at each position.

Fig 4.6 shows the z resolutions found with the production board. Run number
1 indicates that the 1% Ru source was put on tube 1, and so on. After selecting the
earliest hit in a cluster, the typical resolution was about 1.5 cm.

One of the most important issues is the tail of the resolution function. Table 4.5
shows the tail percentages for cases with the new electronics in two positions. Ta-
ble 4.6 shows the tail percentages for cases without the new electronics in different
positions. The main peak percentage was counted in a region +5 cm around the mean
position, while “up-tail” means the tail on the left of the main peak and “down-tail”
means the tail on the right of the main peak. Compared table 4.5 with table 4.6, one
can conclude that tails are much cleaner in cases with the new electronics. A typical

z distribution with the new electronics is shown in Fig. 4.7. The tails are only a few

percent of the total.
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Source Upstream(%) Downstream (%)

Wi-Wis | up-tl main dw-tl | up-tl main dw-tl
Wy 2.59 9483 2.59 4.35 9244 3.21
Wy 3.11 94.32 2.57 4.07 92.51 3.42
W3 3.66 9249 3.85 4.15 91.93 3.92
Wy 4.17 93.63 2.20 4.10 93.68 2.22
Wi 6.01 91.47 2.52 5.17 90.50 4.54
W 3.97 93.28 2.76 4.12 9293 2.96
We 3.24 93.04 3.72 6.95 87.70 5.33
Wy 3.12 93.18 3.65 6.98 89.50 3.53
Wy 3.95 91.69 4.36 4.47 91.36 4.17
Wio 1.70 95.65 2.60 1.90 94.15 3.94
Wi 3.25 9247 4.28 2.84 93.30 3.86
Wio 2.75 9223 5.02 4.30 92.22 3.48
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Table 4.5: Percentages of up-tail (up-tl), main peak and down-tail (dw-tl) in two
positions for an RSSC with the new electronics

position (cm) | up-t!l main dw-tl (%)
- 36.5 5.43 87.73 6.84
19.5 5.52 87.15 7.33
-6.5 5.01 88.07 6.92
-32.0 4.93 88.14 6.93

Table 4.6: Percentages of up-tail (up-tl), main peak and down-tail (dw-tl) in different
positions for an RSSC without the new electronics.
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Figure 4.7: Position measurements when the source was on tube 2 on the upstream
and downstream ends, respectively. The earliest-hit selection was applied.
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The RSSC in E949 experiment

5.1 Overview

The new experiment E949 has many improvements to the E787 apparatus and to
the Alternating Gradient Synchrotron operation mode. It is expected to reach a
sensitivity of (8-15)x10712, an order of magnitude below the SM prediction[20] for
K* — mtyp. This will result in a determination of |V4| to be better than 30%.
The increased sensitivity of E949 is achieved by a combination of several factors,
such as an increased number of protons per AGS spill on the kaon production target,
detector improvements, improvements to the data acquisition system, and longer
running periods. The RSSCs upgraded with add-on electronics boards were installed

in £949 in November 2001.

5.2 RSSC calibration

RSSC calibration includes the %o calibration, the calibration of the effective tube

velocities and the chamber lengths and the calibration of the middle point times.

5.2.1 The ty calibration

Since signals from different straw pairs are fed into different external electronic chan-

nels, the travel time in the cables and electronic channels may be different due to the

different cable lengths, hardware response times, etc. The leading edge time is used
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as the time of the hit. Fig. 5.1 shows two tubes’ leading edge times from K, data.
The distributions start at different places which indicates that the external travel
times depend on the electronic channels. In practice, fitting the initial steep cliff of
the leading edge time gives a value t5. Then applying formula 5.1 to the leading edge
time

tleading(cali) = |t0| - tleading (51)

moves the leading edge time to start at zero. Thus, the impact from the different
performance in each electronic channel is suppressed.

In the improved RSSC system, the ty calibration becomes important since the
earliest leading edge times are treated as the true hit times and correctly selecting
them is helpful to minimize time walk. A data set of at least 10° K 5 events is used

to do the ty calibration.

5.2.2 The effective chamber lengths, velocities and the middle point times

calibration

Time information from the TDC is converted into z information using equation 5.2
(same as Equ. 2.7):
z=KAt+ B, (5.2)

where K is the effective velocity and B is the effective chamber length of the straw
tube as discussed in Section 2.3.2. At is the time difference between the trailing and
leading edge times:

At = ttrailing - tleadingl- (53)

A sample of 107 3 Fe data is used for this calibration and for diagnostics. 3°Fe

sources are deposited on mylar strips, which are glued across the outside of the

1 Since the trailing edge and leading edge times share the same external electronic channel, %o
should be the same and be canceled in Equ. 5.3.
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Figure 5.1: The leading edge time shift from two different channels indicates the
necessity to do the ty calibration.
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straw chamber. Two strips are glued on the upstream and the downstream surfaces
at constant z positions. Each straw tube therefore has two 35 Fe induced peaks, and
each electronic channel (a straw pair) has four, shown in the bottom graph in Fig. 5.2.
The first and fourth peaks corréspond to the same. position on t.’he downstream end,
while the second and third ones correspond to the same position on the upstream
end.

The calibration procedures are :

e Using the two known position difference divided by their time difference to get
the effective velocity. The following formula depicts how to get the effective ve-
locity and chamber length for a late tube?, where 2;, 2o and At;, At, correspond

to the first two peaks z positions and times.
2= KlateAtl + Blate (54)

and

22 = Kiate At + Biate (5.5)

The effective velocity can be obtained by the subtraction of above two formula:
Klate = A212/£Xt12- (56)

where Azlg = (21 - 22) and Atlg = (Atl - Atz).

e Then, the effective length for that tube can be computed by either

Blate =21 — KlateAtl (57)

2 Recall that one of the pair tubes is called the early tube and the other one is called the late tube
since the signals from the former always come earlier that those from the latter due to the 25 nsec
passive delay line of the latter. The first and second peaks in Fig. 5.2 correspond to hits occurred
on the late tube and the third and fourth peaks in Fig. 5.2 correspond to hits occurred on the
early tube .




Chapter 5. The RSSC in £949 experiment 69

or

Blate =2y — KlateAt2) ; (58)

Slopes and intercepts for all channels from 5°Fe calibration are plotted in the
first row of graphs in Fig. 5.2. Dots scatter evenly around a constant slope and
intercept. Since each channel has two tubes, there are two sets of slopes and '
intercepts for each channel. The positive slope and negative intercept are for
hits occurred at the early tube, while the negative slope and positive intercept

are for hits occurred at the late tube.

e The middle point? (around 1080 ns) is used to determine which tube in a pair is
hit. Hit times later than the middle point times indicates that the hits occurred
on the early tube, while hit times earlier than the middle point times indicates
that the hits occurred on the late tube. Thus, the first two peaks _in the bottom
graph in Fig. 5.2 corresponds to hits on the late tubes and the last two peaks
corresponds to hits on the early tubes. The middle point time can be obtained
from previous calibration by subtraction of Equ. 5.10 from Equ. 5.9, where

Zmiddle 18 the middle point z position:

Zmiddle = Kea:rlyAtmiddle + Bearly) (59)
Zmiddle = KlateAtmiddle + Blatey (510)
Thus,
B ate Bear
At miggte = o 2T (5.11)

’
Klate - Kearly

where, K.t and By are the effective velocity and length of the late tube and

Kearty and Beoryy are those of the early partner.

3 This is the connection point of the two straw tubes of a pair in the jumper card.
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Figure 5.2: The slopes (effective velocities) and intercepts (effective chamber lengths)
calibration using S®Fe data in E949. The bottom graph shows the normal four peaks
in a channel.
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5.3 Results from E949 RSSC data

From August 2001 to November 2001 , a new electronic system was installed in the

sector 18 inner RSSC in E949 to test its performance.

5.8.1 Improved n*/u* separation

As mentioned in chapter 2, the E787 RSSC z was calculated by a weighted average
z of the individual hits in a cluster. In E949, the earliest his selection is applied
to choose the true hit in a cluster and that z is treated as the true measurement.
The improved residual resolution from the 2001 data will be more helpful to do the
off-line muon rejection. Fig. 5.3 shows this idea using 1998 and 2001 K, data* and
a large angle scattering muon sample. One can conclude that the cut on the residual
(Zurc-Zrssc) can be tightened due to the better 2001 K2 z resolution to reject

more scattering muons, while still have a good K, acceptance.

5.3.2 Results from cosmic ray data

High energy cosmic data was used to check the RSSC performance. The results were
consistent with the bench tests, as shown in Fig. 5.4. The resolution of sector 18 was

2.2 cm or about 1 cm better than neighboring sectors without the new electronics®.

5.3.3- Results from K, data

K, data was used to do the same analysis. The data showed that 53% of the events

had 2 hits per cluster and 24% of the events had 3 hits per cluster. Among the 2

hits/cluster events, more than 91% of the events had two tubes hit simultaneously.
Some basic cutslwere applied, such as requiring 6 hits in the UTC r-z planes,

good momentum reconstruction, good individual residuals in the UTC, and good

4 This is the data from the sector 18 of the inner RSSC with the new electronics

5In order to have enough statistics, no earliest selection was used here for the cosmic ray data.
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Figure 5.3: Resolution comparison of Ko sample between 1998 and 2001 data. The
narrow and tall peak represents the 2001 result and the dots superimposed on the peak
represents the 1998 result. The wide and short peak represents large angle scattering
muon sample. In order to separate this kind of background muons from pions, a cut
on the RSSC residual can be applied, which is indicated by two arrows in the graph
on 1998 data. This cut can be tightened further in 2001 data to obtain larger muon
rejection.
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track fitting in order to suppress the uncertainty from the UTC. The results are
shown in fig. 5.5.

The measured resolution was 1.8 cm (see Fig. 5.5) and the resolution from the
Monte Carlo simulation was 1 cm. Thus, the éontribution from the RSSC was ap-

proximately 1.5 cm®, consistent with the bench test results.

5.83.4 Efficiency

The RSSC efficiencies were obtained using RS counters in the same sector as trigger
which are located at the inside and outside of the RSSC, i.e., requiring the charged
track passing through both RS counters located inside and outside of the RSSC, and
checking if the RSSC fired or not. For an inner RSSC, the efficiency is defined as
“(layer10 - RSSC - layer11)/(layer10 - layer11)” and for an outer RSSC, it is defined
as “(layerl4 - RSSC - layerl5)/(layer14 - layer15)”.

The E949 RSSC efficiencies were measured using the Ko and the mgcq data’.
The average efficiencies for all the inner and outer RSSCs are shown in table 5.1.
The efficiency losses in the K, data, compared to the 1998 data, can be explained as
following. The energy losses from muons in the RSSCs are lower than those from pions
due to the smaller mass. Thus, the smaller signal amplitudes of muons could lead to
the signals from the trailing edge tubes being missed if the current high thresholds
are high enough to cut some of them.‘ The worse K5 efficiencies in fhe inner RSSCs
also illustrate that the signal amplitudes have an impact on the efficiency since muons
have smaller signal amplitude in the inner RSSC due to the smaller energy losses,

leading to some signals were crossed out by the high thresholds. However, muons

6
2

— o2
measured me*

Aarssc = g (512)

7For the 7scqa; sample, events are required to be well reconstructed, to be identified as pions, no
photons detected, most importantly they should be consistently with beam background.




Chapter 5. The RSSC in E949 experiment 75

[ xX’/ndf 3394 / 20 25 X /ndf 2053 / 19

60 | | Constant 44.95 + 3.877 B Constant 20.04 + 2.390
" | Mean 1045 + 0.1643 " | Mean 0.952f]E-01 + 0.2759
L | sigma W2.956i 0.1967 [ | sigma M11p-130 + 0.2876

50 | 20

40 :— 15 :___

30 [ :
N 10 "

20 | 3

10 [ > F

0 - 1nl n I | 1 1 I 1 0 i 1 ﬂ 1 I 1 I 1

-20 0 20 -20 0 20

RESIDUAL OF SECTOR17(INTER) RESIDUAL OF SECTOR19(INNER)
- X' /ndf 2609 / 18

50 Constant 53.69 + 4.384
C Mean 0.1852 + 0.1164

40 Sigma 1.820 + 0.8975E-01
L |

30 |

20 |

10

0 :l | iz (0 | L1 1 1 111 1 I L 1.1 [_l'—l L1l 1 I Ll 1l

-20 -15 -10 -5 0 5 10 15 20

RESIDUAL OF SECTOR18(INNER) FOR EALIEST HIT
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E949. Only sector 18 is equipped with the new electronics for which the resolution is

one centimeter better than its neighbors.
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2002 data 1998 data
K §2 T scat K u2 Tscat
Inner | 89.24+1.6 96.1£1.5 | 99.14+0.08 99.04+0.2
Outer | 92.941.4 98.14+1.5 | 99.6+0.07 99.6%0.3

Table 5.1: The Efficitency comparison for the 1998 and 2002 data.

are the background of the K+ — 7*v& study whose lower efficiency is helpful to do
the online suppression. The estimated efficiency errors are much bigger than those in

1998 due to the lower statistics available at present®.

8 The error is estimated by the following formula:

P(1- P)

. (5.13)

Error =

where P is the efficiency and N is the denominator when doing the efficiency calculation.
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Conclusion

The poor E787 RSSC z measurement was hypothesized to be due to time walk
effects. Due to the special RSSC design that the straws are connected into pairs
on the upstream end and read out only from the downstream erd, the RSSCs use
end-to-end timing té get z information. Different signal amplitudes affect the time
measurement and result in poor z resolution.

New electronics add-on boards for the E949 RSSC detectors have been designed
and tested at TRIUMF. The signals are amplified and then subjected to two discrim-
inator thresholds per channel. The low threshold is used to minimize time walk and
the high one is used to suppress cross talk. The bench tests gave a satisfactory result
with a typical z resolution approximately 1.5 cm, an improvement of a factor of 2.

The add-on boards were installed in E949 at BNL. The new RSSC system has
provided bettervz position measurements, compared to the old RSSC system. 2001
K,» data showed that the z resolution of the new RSSC system was 1.8 cm, while the
original system gave 3 cm. The resolution contribution from multiple-scattering in the
MC simulation is 1 cm. Therefore, the contribution from the RSSC can be estimated
to be 1.5 cm, consistent with bench test results. The improved z measurements of
the RSSCs are expected to give a better 7% /u* separation. In addition, more muon

background rejection can be achieved due to the fact that the efficiency of the new

system for the muon sample is significantly lower than that for the pion sample.
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