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Introduction

This work is the result of a one year stay as a technical student in the NA48 group at
the European Center for Nuclear Research CERN from May 1992 to May 1993,

The NA48 experiment is a fixed target experiment at the CERN Super Proton
Synchrotron (SPS) to study direct CP violation in neutral kaon decays. The aim of the
experiment is the measurement of the ratio of the CP violalion parameters g’le.
Chapter 1 will explain the origin of these parameters and our current knowledge of
their size. Chapter 2 will give a description of the NA48 experiment.

A crucial part of the experiment will be a photon calorimeter filled with liquid
krypton. It has to meet very ambitious demands concerning the high rate capability
and the energy, space and time resolutions. In chapter 3 the principles of
electromagnetic calorimetry and ionization chambers are reviewed.

In 1992 two test beam exposures of a prototype of the liquid krypton calorimeter
were performed. A description of these tests will be given in chapter 4.

During the two tests | was engaged in the setup and operation of the trigger
counters and the flash analog to digital converter (FADC) system. During the data-
taking phase I was involved in the actual data-taking. After the runs I participated in
the analysis of the test beam results. This work consisted of programming parts of the
official off-line code for the test beam analysis and of the study of particular aspects
of the prototype tests. 1 analyzed the data from the FADC system and produced results
for the energy, space and time resolutions. I also performed an investigation of non-
uniformity effects in the calorimeter response. The results of my apalysis arc

described in chapter 5, followed by a compressed summary in chapter 6.




Chapter 1: Phenomenology of CP Violation

Discrete Transformations in Quantum Physics

The study of symmetries and the conservation laws which follow from the Noether
theorem [Noel8] has played an important role in physics. Examples are the
conservation of the momentum or of the energy in systems which are invariant
under space or time transformations.

In quantum physics, discrete transformations such as parity exchange, charge
conjugation and time reversal are added to the classical continuous transformations
[Wic58]. Invariance under such discrete transformations exists if processes were 1o
develop in the same way in a world that is somehow a mirror image to our world. Tor
this reason, these symmetries are sometimes referred to as mirror symmetries. During
the study of discrete transformations, it turned out that well-accepted principles such

as the symmetry between left and right had to be revised.
Parity

Perhaps the most familiar discrete transformation is the reflection of space in the

origin. This transformation is described by the parity operator P.
PY¥(r)— ‘¥(-r) (1.1}

where W(r) is a scalar state in the Hilbert space and r is the spatial coordinate. The

effects of parity transformation can be studied for a particle with a given spin in a

central field. Its Hamiltonian

2
H=1_4 V() +s- (r < pV, () (1.2)
2m
with the vector operators F, p and s is not changed by the parity transformation
P'rP=-r, P'pP=-p and P7'sP=s, (1.3)

The commutation laws and the equations of motion stay the same. Thus the system is

invariant under a parity transformation.



In quantum physics, the concept of an outer parity can be extended to an inner
parity. This expansion is a consequence of the production and destruction of particles
and has nothing essential to do with the spatial part of the wave function.

The parity of the m particle can be obtained from the experimental observation of
the capture of the pions in deuterium with the production of two neutrons [Pan51],
[Chi54]

T +d—on+n. (1.4)

The pion has spin 0 and the deuteron spin 1, which gives J=1 for the total angular
momentum. For the right side, only the state with L=1 and $=0, which is antisymmetric
for the exchange of the particles, is allowed by the Pauli law. Therefore the parity of
the pion is (—I)L, in this case —1I.

Also the parity of the neutral pion is negative as can be seen from the

experimental results for the double Dalitz-decay
sy Yy set e et v, (1.5)

The negative parity of the pion should favor polarization vectors for the virtual
photons which are perpendicular to each other. This prediction was confirmed by

measuring the distribution of the angle between the electron-positron pairs [Pla59].
Charge Conjugation

Charge conjugation changes a particle into its antiparticle. All additive gquantum
numbers like charge or the lepton number change their sign whereas, for example,
the mass remains the same.

Again, some particles can be seen as cigenstates of the charge conjugation
operator. However, this is only possible for neutral particles. The charge conjugation
eigenvalue of the photon is -1, as electromagnetic fields are produced by charge and
current densities that change their sign under charge conjugation. The #° particle
decays into two photons and therefore has the charge conjugation eigenvalue +1.

It was long believed that nature's laws show invariance under discrete
transformations. It was not before 1956 that Lee and Yang pointed out that there was
no experimental evidence for the validity of mirror symmetries in processes induced
by the weak interaction [Lee56]. Indeed, shortly after that in 1957, violation of parity
conservation was found in beta decay [Wu37] and the decay of pions and muons
[Gar57], [Fri57]. Violation of parity symmetry in these processes is equivalent to the

violation of symmetry under charge conjugation [Lee57].




This can be illustrated by the fact that only left-handed neutrinos or right-handed
antineutrinos exist in nature. A charge conjugation or parity transformation of this
particle would lead to an unphysical state. Yet the invariance under CP
transformation, the combination of both, is not forbidden by this argument. A
CP-transformation would transform a left-handed neutrino in a right-handed

antineutrino and the other way round, thus connecting physical states.

Time Reversal

Time reversal, as defined by Wigner [Wig32], leads to the change of the sign of all
momenta and angular momenta, whereas the spatial coordinates remain unchanged.
The question of, whether there is a distinct direction in time, has already played a
crucial role in thermodynamics. There, the answer was that many-particle systems

develop in the direction of increasing entropy. The equations of microscopic systems
on the other hand show a different behavior, If W(r,f) is a solution to the

Schrédinger equation then “W'{(r,—f) is also a solution.

Non-invariance under time reversal has been intensively searched for and
experiments have already reached a remarkable accuracy [Eic92].

The most accurate tests of time reversal invariance search for an electric dipole
moment (EDM) of particles with spin, especially of atoms [For84] or of the neutron.
One limiting factor of the accuracy in the latter experiments is the velocity of the
neutrons which fakes a dipole moment. Therefore experiments in the past used very
slow Neutron beams [Dre68], [Ram78] and, more recently, ultra cold neutrons [Ali81],
[Pen84]. The combined result of these experiments gives a limit on the electric dipole

moment of the neutron of

|d"|< 12X 10 *ecm (1.6)

at the 95% confidence level [Ram90].
The question of invariance under time reversal is connected to the question of

invariance under CP transformation by the CPT theorem.

The CPT Theorem

It was shown by Liiders and Pauli that rather loose requirements for a field theory,
like invariance under proper Lorentz transformations and locality, lead to the
invariance under the succession of the three discrete transformations independent of

their order [Liid54], [Pau55], [Sch53]. This statement is called the CPT theorem.




.As a consequence of the CPT theorem lifetimes and masses of particles and their

antiparticles have to be the same. The mass difference can be tested most precisely in
the kaon system. The experimental limit is [PDG92]
my —m
K _K<107® (1.7
g
at the 90% confidence level.

It follows from the CPT theorem that a violation of CP invariance includes a

violation of invariance under time reversal.

CP Violation in the Neutral Kaon System

The Neutral Kaon System

Our knowledge of violation of invariance under the CP -transformation is currently
limited to its observation in the neutral kaon system.

The assumption of invariance under charge conjugation (which was still thought
to be valid at that time) was used by Gell-Mann and Pais to predict a long-lived
partner to the K’ particle [Gel55]. Both, the long and the short lived kaon — called

from then on K, and K; — are mixtures of the strangeness eigenstates K’

(SK0=+K0) and K (SK{]:—KO). The argument was that a charge conjugation of the
experimentally observed decay K° — 7'7n~ would change the initial state into K’ and
with it the sign of the charge conjugation eigenvalue, but leave the final state the
same. This contradiction is avoided with the particle mixtures

K°+K’ K*-K
=_T§—_ and K2 ==

These particles were seen as evei and odd charge conjugation eigenstates. Only the

K, (1.8)

K, can decay into two pions whereas the decay of the K, into two pions is forbidden

by charge conjugation invariance. The two neutral kaons differ in lifetime due to the

different phase space for decays. The mass of the two particles is slightly different.

7, = (0.8922 £0.0020) X 1075
7, =(5.17£0.04)x107"s
m, = 497.6711£0.031 MeV

A =|m, = mg, | = (0.535120.016) X107 MeV

Tab. 1.1: Properties of the neutral kaon [PDGY2].




After the discovery of violation of charge conjugation symmetry it seemed

sufficient to replace charge conjugation by the CP transformation with
CPK,=+K, and CPK,=-K,. (1.9)
As CP(E+EH)=+(7£+TC_) again the decay of K, into two pions should be forbidden.
Decays into 3n-states should only be possible for K, as CP|3E°)=—|3R’0) and
CPlzrr*fc“;rrO):(—-1)L+'|7r+7r‘7r°>, where states with L#0 are suppressed by the angular

momentum  barrier.
But in 1964 CP violating K, -t deca)/s were observed [Chro4].

K= n'n” (68.61 + 0.28)%
K, — 2’z (31.39 + 0.28)%

K, z2°7°7°  (21.6 £ 0.8)%

K, »n'nrz’  (12.38£0.21)%

K, = zu v(v) (27.0 £ 0.4)%

K, > z'e"v(v) (38.7 = 0.5)%
CP-violating:

K, >n'n (2.03 + 0.04) x 107

K, = 7 (0.909 + 0.035) x 1073

Tab. 1.2: Relative branching ratios of the dominant decay channels of the neotral kaon
[PDG92]. The sign of the hadron in the semileptonic decay follows from the AS = AQ
rule.

Kaon State Mixing!

Following a Weisskopf-Wigner approximation [Wei30], [Nac91] the time evolution of
a mixture |‘P(T))=a(T)IK°>+b(T)|KO> can be described by the mass and the decay

.d (a(t))_ fa(7)) _( o TYal?)
mla(b(’r)]—:H(b(f)J_(M l?)(b(fc)]’ - (119

where M and I’ are hermitian 2x2 matrices

matrices M and T°

lThe following analysis was first applied to the kaon system by Lee, Oehme and Yang [Lee57]
and then used in many other works and reviews, see for example: [Wu64], {Lee65], [Lee66], [Kle76],

[Cro83], [Ste89] and other talks there, [Nac91], [Pas92], [Eic92].




M M I T
M:( i ’2] and r‘=[ " 'zj. (1.11)
M21 M22 r?l r22

The decomposition of the Hamiltonian in (1.10) follows from perturbation theory:

H, ., |mnlH Ib)
H. =m 5 + GH, b +§ (al weak weak 1.12
ah K¥ab < l uea&| ) - Mg _E +ie ( )
where the first order Hamiltonian changes strangeness by AS = 2 and the second

order Hamiltonian by AS = 1. H,, decomposes in

Mﬂb = mKaab -|-( neaklb 2 IHileuk|n> E|Hnmf\lb> (1 1 3)
and
ruh = 2”2<a|mek|n)(”IHu‘mk|b>5(En - ]nk') ' ( 1.1 4)
" is determined by the weak Hamiltonian, whereas M, is related to H .. H, and

ah

Hweak s a8 <al(Hs1mrlg + Hy )lb> = ’nK 50.’:'
In the following, CPT invariance will be assumed. This requires that M, =M, and
Iy =Ty
The solutions of the eigenvalue problem
I
M-iz [P, )= A,|T,) (1.15)
can be written as
1 . =0
" +1d]

with the parameters p>=T,+iM,, and q° =T, +iM, =T ,"+iM,,;". The corresponding
time constants are

A,=M, —lr -—M”—l&+ipq. (1.17)
q 2

The use of the asymmetry parameter

p—49 (1.18)

£ =

p+q




. . . =0
and the CP eigenstates K, and K, instead of the strangeness eigenstates K’ and K

results in

1
|‘P+):—~—-:w;(lK1/-+s|K2))=|KS) (1.19)

1w_>=7(j—|7‘;(|Kl>—s|Kz>)=|KL> - (1.20

These arc the physical particles K, and Kg. These states are no longer orthogonal,

since

> - (1.21)

" Mixing of CP-eigenstates in the physical states is described by &= 0. Assuming that
the AS=AQ rule is valid, the charge asymmetry in semi-leptonic decays
r(K, —» 7 1'v)-T(K, =zl v)
(K, » n l'v)+T(K, = 7TV

(1.22)

can be calculated using the amplitudes
q=(nl'VHK®) ad  a= (x*l‘T/[HiK””) (1.23)

with the transformatien property (assuming CP invariance)

a,=(n"I"v|(CP)" CP H (CP)" CP|K®) = —4,. (1.24)

The charge asymmetry becomes

§5=2Reg (1.25)
1+|ef
Experimentally, this value has been determined to be [PDG92]
§=(0.327£0.012)%. (1.26)

Isospin Analysis

In two-pion decays the final state wave function can be divided into wave functions
of definite isospin. The angular momenium of the pion system vanishes as the kaon 15
a spinless particle. Therefore the spatial wave function is symmetric. Pions are
mesons and thus the isospin wave function must also be symmetric, allowing only the

isospin states /=0 and [=2.




2 , 1
+oy= A= 0y i =2 1.27
| > 3| )+\/§| ) ( )

1 2 :
00)=——=|I=0 —I=2 1.28
00) =11 =0)+ 211 =2) 1.28)

where [+—) stands for a 77 -state and |00) for a 7°n’-state.

Let (I=0|T|K)=A,™ with the transition operator T, then (I:0|T;K>3Ao*ei5°
because of CPT invariance. Similarly it follows from the definition (I =2|T|K)= A,e’™
that (I=2|T1K>:A2*ei5”. A, describes the weak decay amplitude, whereas &, is the

s =0 strong scattering phase for a two-pion final state with isospin I. Adopting a
popular phase choice of Wu and Yang A, will be defined as a real quantity in the

following analysis? [Wu64].

The experimentally accessible quantities

_ {1k, _ {0k,

1_ = 1.29)
Gorkyy M 1T ook, (
can now be written wvsing the parameters
_ =07k, (1.30)
{1=0[TK;) '
po L[ U=20K,)  (=2TK) | Im A, s (1.31)
\E (I=O|T|Ks> <I=0|T|Ks) \/5 Ay
= (I =2|T|KS> _ R6A2 81‘(52_60) (1 32)
(I=0[TKs) 4
as
g’ 2¢’
n+-— 1+£J_ an n{){) 1_,\/50) ( )
V2
|7,_|=(2.268+0.023) X107 and |1p| =(2.25340.024) 107", (1.34)

The experimentally observed values are [PDGO2]
2This definition is possible as only |A|2 is experimentally accessible.
|
|



The Parameters & and ¢’

The mixing of CP-eigenstates in the physical particles is described by the
parameter €. CP violation due to state mixing is called indirect CP violation. The

parameter ¢ can be related to the mass and the decay matrix:

ImM12+iIm&
=4 PR (1.35)
The phase of ¢ can be determined from (1.13) [Lee66]. One obtains
2Imry, =T, =T, =7y.p,(4,7 - 47) (1.36)

with p, giving an appropriate phase space density parameter. With the Wu-Yang

phase definition, ImT,, vanishes for I=0 final states. The other eigenstates of
H,, +H, contribute very little to ImI,. For T=2 two-pion decays the contributions

strong

are only of the order O(A,Z/AO) Three-pion decays also contribute little because of the

small three-body phase space. Therefore

£ =|ee™ (1.37)
with
O, = arctan(— Z(Ls_—M—L)) = arctan[— ZAm] (1.38)
M “FL I_‘SW
and, as Ams—% (tab. 1.1),
le| = %% : (1.39)

Indirect CP-violation is connected to non-vanishing off-diagonal elements in the
mass matrix. The phase of & 1is determined from fits to the experimental data [PDGY2) to
be

d, = 43.68°+0.14°. (1.40)
The second parameter describing CP violation, &7, is non-zero if there is an
interference between the two amplitudes A, and A, with a relative complex phase.

This kind of CP violation is called direct CP violation as it includes a direct decay of the
CP-odd eigenstate K, into CP-even two-pion states.

10




Using (1.31), the phase of this second parameter, P is fully determined by the

e’

phase shifts &, and §,. It can be approximated by [Wah89]
O, =45°%15°, (1.41)
which is very near to P,

. 3 . .
The parameter © describes non-CP-violating AI=5 decays and is relatively small

(w=0.045). Therefore, it can be neglected and one obtains from (1.33) the Wu-Yang
relations

n._ze+e  and N = €—2€". (1.42)

The similarity of the phases of ¢ and ¢” allows a relationship between the

parameters describing direct and indirect CP-violation and experimentally

measurable quantities to be obtained
| (o0jT|K,) J(+-ITIK,)
L ooT|KY/ {+-ITIK)

Theoretical Models of CP Violation

2 4

Moo =1-6ReZ, (1.43)
£

-

Milliweak and Superweak Models

Theoretical models of CP violation can be divided in milliweak and superweak
models, depending on the order of the weak interaction Hamiltonian in the
perturbation development that dominates the matrix element in (1.12).

The first explanation of the experimental observation of CP violation was the
superweak model of Wolfenstem [Wol64]. Tt is a purely phenomenologmal model, in
which the kaon state mixing is induced by a very weak new interaction that changes
strangeness by AS=2. Due to the weakness of the interaction CP violation should
only occur in the kaon system because of the smallness of the mass difference

between the neutral kaons. Superweak models predict a zero value for €.

CP Violation in the Standard Model

As Kobayashi and Maskawa pointed out [Kob73], CP violation is compatible with the
clectroweak theory in a world with six quarks, classified in three left-handed doublets

and six right-handed singlets

11




! u' ! ¢! ! ¢! | S S Y S Y
Gu=| 4| 4= .|  @s=|,, | *0d Up dp> Crr Spo 1p> i (1.44)
d ; s ), b,

where 1 characterizes these quarks as interaction eigenstates. CP violation is possible
because the interaction cigenstates are different from the mass eigenstates.
The couplings of the quark multiplets to the gauge bosons are derived from the

kinetic energy term in the Lagrangian
_ . g & _ . g
Lkin = qzjyﬂ(lau - 5 TW,u - ?YB,u )91{4 + Q}gi’y# (”ap - T?.—YB'H qur * (1 '45)

In this model, masses arc generated through quark-Higgs Yukawa couplings with a

single Higgs doublet
@ RPN
Ly "G”(ub,db)[q) ]d{,} +F,‘{(R',i.,d£i)[ (D“)u;j +he. . (1.46)

The gauge symmetry is spontaneously broken by assigning a vacuum expectation

value to the neutral member of the scalar doublet

+ 0
(‘D>=<[((I;0]>= % : (1.47)

This generates the mass terms

L, = ﬁ(th:f up +dj G“d’)+hc_(uL,M'fuRﬁJ[{,.M;;f'd;j)Jr h.c. (1.48)

with the mass matrices M, and M, These matrices are neither necessarily

symmetric nor hermitian. To find the physical or mass eigenstates for the quarks, one

has to diagonalize the mass matrices

m, 0 0 m, 0 0
M#=U'MU,=| 0 m, 0] and M{®=D'MD,=| 0 m_ 0] (1.49)
0 0 m 0 0 m)

The charged current interaction in (1.45) becomes

g — + 7 -3 g — . + —_
L. =“ﬁ(u£f7pdzljwp +d£f7;_{”ifwy)—"’\"[“—2"(u”7ﬁvr AW, +dL,’y#V uLjW#), (1.50)

if the weak interaction eigenstates are replaced by the mass eigenstates. The unitary
matrix V=U,"D, describes the mixing of quarks in the coupling to the W-bosons and

is therefore called the flavor mixing matrix or the Cabibbo-Kobayashi-Maskawa

(CKM) matrix. It can be parametrized with four quantities, three rotation angles and

12




one phase. It was the merit of Kobayashi and Maskawa to show that the single phase
parameter allows for CP violation in the standard model. The parametrization that is

advocated by the Particle Data Group is

iy
a3 513C)a §12€
—_| - o . i iy
V=] =50 — CipS3515€ C12Cy3 — S1252351€ 13 (1.51)
. i6)3 _ id;
S12593 — €203 (3¢ Cy78y3 = §12C23513€ €3304

where ¢, stands for cos®, and s; for Sin@r.j with 1,j = 1,2,3 [PDGY2].

To allow for CP violation several requirements that can be summarized by the

condition [Jar83]

det C{M,7, s

M)#0 with iC=[MM, MM, ] (1.52)

have to be fulfilled by the CKM matrix.

CP-violating effects in the standard model are proportional to J, which is defined by

detC(M,},M,?)=-21(M }\B(M,")J . (1.53)
where
T@{f):@m2~n%ﬂ@m2—n%ﬂ@m2ﬂn%ﬂ (1.54)
B(M2)=(m, =m})(m, —m>)m - m,’) (1.55)
and J =1Im(V,, VoV, V') = Im(Vy, Vi Vi Vi ) = (1.56)

From experimental results for the parameters of the CKM-Matrix follows [Eic92]
J <107, (1.57)

Calculation of £ and ¢’

CP-violating kaon decays are flavor changing processes with a complex amplitude.
Two classes of Feynman diagrams have this property. Box diagrams describe processecs
with indirect CP violation and have to be calculated for the determination of e
(fig. 1.1). Penguin diagrams describe processes with direct CP violation and can be
used to compute & (fig. 1.2). The detailed calculation of these processes is difficult. So
far, agreement has not been reached ‘on the results for e [Bur93], [Ciu93], [Fré91],

[Hei92]. The results of these calculations cover the range

_0.1x107 <& <6x107 (1.58)
£
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for a top quark mass between 100 and 150 GeV. The mass of the top quark influences

the results as a higher mass of the top quark reduces the value of e’/e [Fly89].

d W S d u,c,t S

Fig. 1.1: Box Diagrams contributing to indirect CP violation.

u,c,t

d d

Fig. 1.2: Penguin Diagrams contributing to direct CP violatiomn.

Experimental Evidence for Direct CP Violation

The double ratio (1.40) was recently measured by two experiments, NA3!{ at CERN
and E731 at Fermilab. Their final results are

Re(%)= (2.3£0.65)x10°  [NA31/93] (1.59)

£0.29,,,]x107  [E731/93) (1.60)

(stat) —

Re(-s—) = (o. 74 +0.52
£

The NA31 result shows a non-vanishing result for e°, whercas the ET731
collaboration quotes a result still” consistent with zero. Unfortunately, these are the
only two experiments which have so far reached this level of accuracy. Both groups
are working on an improved test of direet CP violation. The experiment at CERN will
be NA48 and the experiment at Fermilab will be E832, a part of the KTeV program

[Ari92]. Both experiments want to reduce the error to 2x 107
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Chapter 2: The CP Violation Experiment NA438

The NA48 experiment will measure the ratio &’f/e by counting the rates of the four
decays in the double ratio (1.43). The goal is to achieve an accuracy of 2x107™" on the
double ratio [NA48/90]. This will decrease the measurement error by a factor of ten
compared to the error of the experiments NA31 and E731.

The NA48 experiment will exploit the fact that the effects of detection efficiencies
cancel, if the double ratio is evaluated independently for different kaon momenta and
decay positions and if the K, and K; beams coincide in space at the position of the
detector, The main contributions to the error of the NA31 experiment and their
countermeasures in the NA48 experiment are listed below in order of their

importance.

+ The statistical error of the NA3I1 experiment was dominated by the number of
KL—>271,'0 events, which was approximately 3% 10° events for three years data
taking time. To reach the required statistical error, the event rate of the NA48
experiment will be ten times bigger, thus increasing the expected total number
of KL—>27IU events to 4.5%10°. The high intensity of the beam that is necessary
to obtain the required rate of 102 particles per pulse and the bigh hadron and
muon fluxes connected with it, forces the installation of the experiment in an
underground area sufficiently large to house beamline and detector. Such a
place was found at the North Area High Intensity Facility in the ECN3 hall at the
K12 beamline of the CERN SPS. |

« The effect of differences in the energy scales reconstructed from charged and
neutral kaon decays will be reduced by a suitable choice of kaon spectra. In
addition a weighting procedure will be used. Bach XK, decay will be weighted by

p_ cT

a factor M) with A(p)=-~
(p) ml-1,/17,

according to its measured vertex position
in the z-coordinate. With this procedure the distributions of the longitudinal

vertex positions of K; and weighted K, are made similar, such that corrections

for variations of the acceptance for different vertex positions cancel between
K, and K;. This method will be used at the expense of an increase of the

statistical error of 15%.
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+« The background to KL—>27L'D from KL—~>37r° decays with only four detected
photons will be measured by anticounters, which have to detect pions that are
emitted under a large angle, and the photon calorimeter. To accomplish this task

an energy resolution superior to the NA31 lead/liquid argon calorimeter and

good Z2y-separation is required for the calorimeter.

+ The background to K, & x'z~ from three body decays like K, — mev (K,;) and

K, = #'n 7" will be decreased by a magnetic spectrometer.

« To reduce differential effects of accidental activity for K and K, decays the

four decay channels in the double ratio (1.43) will be studied simultaneously. The
neutral kaons will be produced in two nearly collinear beams. A K, beam will be
produced at a target located 220 m upstream from the spectrometer and a K;

beam will be produced at a target located 90 m from the spectrometer.

An overview of the setup of the NA48 experiment is given in figure 2.1. The

different parts of the experiment will be described in the following sections.
Beam and Decay Region

The Kaon Beams

The two kaon beams are obtained from the same primary proton beam of 450 GeV
and an intensity of 1.5% 10" particles per pulse extracted from the CERN SPS. It hits
the first target under a production angle of 2.4 mrad, producing a necutral kaon beam.
Behind the first target a bent channeling crystal deviates a fraction of the primary
proton beam, about 3x10" particles per pulse, The main part of the primary proton
beam continues undeviated and hits a beam dump. The extracted proton beam is
transported through a set of sweeping magnets and collimators to the second target.

There the second kaon beam is produced under a production angle of 4.2 mrad. The
first target is far enough from the fiducial decay region that only K, survive,

whereas K decays dominate the decays from the second beam in the fiducial region.

The use of a bent channeling crystal to direct a fraction of the proton beam to the

second target was chosen for the following reasons.

+ The extracted proton beam is deflected in a direction opposite to the preceding !

magnet without canceling its sweeping action on other charged particles.
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+ The proton intensity is attenuated to give a suitable number of K — 27 decays

in comparison to the number of K, — 27 decays.

* A small emittance beam, suitable for transport to the K; target, is selected.

The Tagging Counter Systems

Each decay will be assigned to a specific kind of beam by a tagging counter. This
counter is placed in the path of the deflected part of the primary proton beam before
it hits the second target. Decays in the K, beam are identified by requiring a proton
passing the tagging counter together with an event in the detector after a period that
corresponds to the time of flight between the tagging counter and the detector. The
time of the event in the detector will be given by a scintillator hodoscope behind the
spectrometer for a charged event. For the neutral decay mode two possible methods
are under study. The time will be given either by a scintillator layer in the photon
calorimeter or by the time information of the calorimeter itself. The decision depends
on the time resolution that can be achieved by the photon calorimeter.

The deviated proton beam gives an average rate of about 10 MHz in the tagging
counter. It is expected that the time resolution between the tagging counter and the

hodoscope will be 0.5 ns. Good time resolution is necessary to keep the time window
which is allowed for a K; decay sufficiently short. A time window of +£50 or 5ns will

give 5% K, misidentified as K; at a rate of 10 MHz. The effects of tagging errors
caused by the length of the time window (K, — K;) and inefficiencies in the counter

system (K; —K,), on the value of the double ratio are understood and can be

corrected [Note92/4]). The correction factors can either be obtained from decays in the
first part of the decay region, where the beams do not fully overlap, or from runs, in
which one beam is switched off.

The high rate in the tagging counter cannot be handled by a single . counter.
Therefore, the profile of the beam will be covered by two ladders of 11 scintillator
foils (NE110), each being 200 pm thick. Adjacent scintillators will overlap by 50 pum.
The two ladders are perpendicular to each other to minimize the double pulse
probability. The light from the large surfaces (30X35 mm?*) of the scintillator foils will
be collected in an air light guide and viewed by Hammamatsu R2076 photomultipliers,
I ecm below the scintillators. The opposite side of the scintillator foils will be covered

with a mirror.
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Fig. 2.2: The tagging counter,

The main reason for inefficiencies in the tagging counter will be the loss of tagged
protons due to the deadtime. Thus, flash analog to digital converters (FADCs) with a
sampling rate of 450 Msamples/s will be used. A deadtime of less than 2ns and a

double pulse resolution better than 5ns will be achieved.

The Decay Region

The fiducial decay region begins after the final K collimator. Only events coming

from a vertex within a region of 12 m corresponding to 27, are accepted. The fiducial

decay region is contained in the upstream ‘end of an 88 m long vacuum tank with a
diameter of 1.9m in the first and 2.4 m in the second part. The volume of 330 m® s
kept at a pressure of less thap 10 bar. The tank is terminated by a Kevlar window of
0.8 mm thickness. Locally the overlap of Kevlar slices increases the thickness to
1.1 mm. In the center, the window has an opening for a 14.8 cm wide beam pipe that
allows the kaon beams to cross all the detector components in vacuum until they
reach a beam dump at the end of the. experiment.

To suppress the K, —37° background, seven ring anticounters are distributed over
the length of the vacuum tank and the following helium tank. These counters contain

two layers of scintillators, preceded and separated by a 5cm thick iron layer.
Additional muon veto counters, used to suppress I{y3 events, will be located behind the
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calorimeters. These veto counters consist of four large scintillator planes separated

by 0.8 m of iron.

The Detection of the Charged Decay

The momenta of charged particles will be measured in a spectrometer consisting of
a large aperture dipole magnet and four drift chambers, two in front of and two
behind the magnet. The distance between the two drift chambers of one pair will be
10 m, The inner chambers will be 2.5 m away from the magnet. This is far enough, so
that the resolution is not worsened by the fringe field of the magnet. The
spectrometer will be installed in a helium tank behind the Kevlar window.

The momentum resolution of the spectrometer is limited by multiple scattering to
Ap/p = 0.6%. This is matched to a position reconstruction accuracy of 100 pm of the
chambers for the average pion momentum of 60 GeV/c.

The magnet has a bending power equivalent to a change of the transverse
momentum of 200 MeV/c. The non-uniformity of the field integral is expected to be
less than 10%.

The spectrometer plays a crucial role for the trigger of the experiment. It has to
reject decays downstream of the fiducial decay region, as well as K,, and K— z*nn’
decays, which dominate the branching ratio. Thus, it is necessary to reach sufficient
on-line resolution and tracking efficiency to enable a fast vertex reconstruction and
the calculation of the two-particle invariant mass. This can be achieved by measuring
the drift times with a 100 MHz clock, equivalent to 500 pm time bins. In addition, it is
necessary to keep variations of the infegrated magnetic field below 10%.
Inefficiencies are avoided by small drift spaces of 5 mm. Each chamber consists of
four layers with two wire chamber planes. Two layers are oriented horizontally (x)
and vertically (y) and the two remaining layers are twisted by 45° with respect to the
first ones (u and v).

Events with a two-particle invariant mass below 450 MeV or with a recénstructed

transverse kaon momentum above 60 MeV/c will be rejected. This cut rejects all
K — n*n n° decays and 90% of the K, decays without loss of K— 27 events. The ratio

of accepted K —2m to K,; events will improve from 1:135 to 1:20. Tighter off-line

cuts, with the two-particle invariant mass in a range of 10 MeV around the kaon mass

and requiring less than 15 GeV/c transverse momentum, will give a contamination
with K_, events of about 40%. Comparison of the energy in the calorimeter with the

momentum in the spectrometer will decrease this level further by a factor of 500 to
about 0.1%.
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Additional rejection with reduced deadtime for K, and K, decays will be provided

by a hadron calorimeter located behind the photon calorimeter by requiring encrgy
thresholds for charged decays. In addition, the hadron calorimeter will improve the
particle identification capability of the photon calorimeter and will be used in the

search for rare kaon decays like K — guy. For this the NA31 hadron calorimeter with

a renewed scintillator system will be used. An encrgy resolution similar to the
resolution in the NA31 experiment (0(E)/E=65%!\/_E_) is expected.

The Detection of the Neutral Decay

Decays of the kaon into neutral pions will be identified through the photon pairs
from the decaying pions in a photon calorimeter [Buc92]. The photons have an
energy range of 2 to 200 GeV and an average energy of 25 GeV. The photon

calorimeter has to fulfiil the following demands.

The multi-photon event rate will be 1 MHz.

+ The energy resolution is required to be substantially better than the e¢nergy

resolution of the NA31 lead/liquid argon calorimeter, which  was
E S% 100MeV

oHE) . 5% 40500120V Nnasiss),

E  E[GeV] E

+ The space resolution has to be better than | mm and two photons separated by

more than 4 cm have to be distinguished.
« The photon calorimeter has to provide a neutral event ftrigger.

. The time resolution should be sufficient to cope with the resolution of the

tagging counter (~1 ns).
Structure and Readout of the Liquid Krypton Calorimeter

To meet these requirements a homogenous liquid krypton calorimeter with charge
readout will be built. Some of the properties of liquid krypton are listed in table 2.1.

Capacitance and resistance of the readout electrodes must be kept small to achieve
the necessary speed. Therefore the calorimeter will be divided into "towers" parallel
to the beam. These towers consist of two parallel plate capacitors with a common

anode in the center of the tower and (wo cathodes at the left and right edge of the

towers.
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Liquid Argon |Liquid Krypton

Z 18 36
A 40.0 83.8
Density p [g/cm3} 1.40 2.41
Radiation length Xgp [cm] 14.0 4.72
Moligre radius Rpf [cm] 7.2 4.7
Nuclear interaction length A [cm]: 84 60
Tonization energy [eV/pair] 23.3 20.5
Electron drift velocity [mm/ps]

at 1 kV/em 2 3

at 5 kV/cm 3.5 4
Critical energy E; [MeV] 41.7 21.5
Dieleciric constant £y 1.54 1.72
T (boiling point) [K] , at 1 bar 87.3 119.8
T (triple point) [K] 83.8 116.0
Radioactivity 85Kr, B,

E ax= 07 MeV
400 Bg/cm?

Tab. 2.1: Properties of liquid argon and liquid krypton [Buc92].

The amplifiers are connected to the anodes and located directly at the downstream
end of the towers, still in liquid krypton, to avoid the capacitances and inductances of
connecting cables. The towers are 125c¢m or 27 radiation lengths long, which is
sufficient to keep the longitudinal leakage small.

There are two reasons for the choice of a longitudinal readout structure, over the

alternative commonly used transverse segmentation.

+ The transverse structure is more than four times as susceptible to accidental
events as the longitudinal structure. 0.5% loss of events is expected in the case of

a longitudinal and 2.5% loss in a transverse structure.

+ A good time resolution will be difficult to achieve in a transverse structure, as
the charge has to be summed up from the signal in more towers. As the signal

for each tower will be lower additional noise problems will arise.

The required space resolution defines the lateral size of the towers. A cross-section

of 2X2 cm? was chosen.
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The lateral dimensions of an electromagnetic shower in liquid krypton can be

illustrated by the result of an EGS (Electron Gamma Shower) Monte Carlo simulation

(fig. 2.3). The small core of the shower is the reason for a highly npon-uniform
ionization in the calorimeter.
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Fig. 2.3: Radial charge density from an electromagnetic shower as obtained from an
EGS Monte Carlo simulation [Schil.

To decrease non-uniformity effects in the response of the calorimeter due to the

non-uniform ionization in the gap between have a

the electrodes, the towers will
zig-zag shape with a small angle (50 mrad) with respect to the beam axis.
The readout of the liquid krypton calorimeter will use the initial current readout
method with fast pulse shaping. This technique was already used in the test beams of
the liquid krypton calorimeter prototype and will be explained in detail in chapter 4,
The signal from the shapers will be recorded in a 40 MHz FADC system. To keep the
cost of the electronics reasonable, this FADC system will use one 10 bit ADC (analog to
digital converter) chip per chapnel. To increase the dynamic range of the system, the
gain of the FADC input preamplifier will vary in three steps depending on the height
of the input signal. A similar principle was used in the prototype tests in 1992 The

properties of such a FADC system will be discussed in chapter 4.
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Prototype Tests

A prototype which was slightly different in construction from the prototype used
for the runs in 1992, was tested in 1991 {Buc92]. It consisted of 184 towers. A detailed
description of the prototype and the test beam results is given in [NA48/91] and
[NA48/92]. This prototype test showed that the concept of the longitudinal tower
structure was feasible. Still many problems appeared. The space and the time
resolution were sufficient, whereas the energy resolution was much worse than the
prediction of an EGS Monte Carlo simulation. The sampling term of the prototype was
4.4%/JE for events, where the incoming electron had hit the calorimeter at a
position that was at least 3 mm away from the electrodes. The result for the sampling
term from the Monte Carlo simulation was 1.8%/+~E without the sclection of the
impact point [NA48/90/2]. This simulation did not consider the effects of the collection
of the ionization charge in the calorimeter and the readout.

In addition, technical problems which were partly the reason for the insufficient
energy resolution appeared. Due to impurities of the liquid krypton, short electron
lifetimes (few 100 ns) were observed. These impurities (as well as high voltage and
noise problems) resulted in a bad signal-to-noise ratio. Pickup effects in the
calibration system led to miscalibrations of the calorimeter.

It was the goal of the beam tests during 1992 to solve these problems. The improved
results were to be compared with the results from the Monte Carlo simulation and
possible remaining discrepancies were to be understcod. These tests will be discussed

in the chapters 4 and 5.

Status of the NA48 Experiment in Summer 1993

The following parts of the NA48 experiment are already installed or shortly before

installation in the final experimental area.

The complete vacuum tank and the helium tank without the Kevlar window is

installed.

» The magnet is in its place. For technical reasons the magnetic field

measurements are not completed.
« The tagging counter, the hodoscope and the ring anticounters are in place.

* One plane of the drift chambers will be operational in fall 1993.
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« The hadron calorimeter with the new scintillator system is installed.

A first test in fall 1993 will be used to test these parts of the experiment and the
setup of the beam. A second beam test in fall 1993 is dedicated o the test of a new
prototype for the liquid krypton calorimeter. The main topic is the investigation of

the construction and the performance of a zig-zag-shaped calorimeter.
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Chapter 3: Calorimetry in High Energy Physics

The Principles of Calorimetry in High Energy Physics

A high energy physics calorimeter is a block of matter, which forces an incoming
particle to disperse into a cascade (shower) of secondary particles with rapidly
decreasing energy. After a sufficiently long time (~100 ps) the energy of the particle
is converted into heat. Actual calorimeters in high energy physics measure the
energy of intermediate states, which can be ionization charge, scintillation light or
Cherenkov radiation3. The goal is to detect a constant fraction of the primary energy
of particles of different kind, different energy and different position and direction.
Due to the large discrete number of secondary particles in the shower the behavior of
calorimeters is dominated by statistical processes.

Apart from their energy measuring capability, calorimeters have several

properties, which make them a powerful detection tool.

» Calorimeters are sensitive to neutral as well as to charged particles, For charged
particles only calorimeters can provide the energy information if the
momentum is too high to allow the exact measurement of the sagitta of the

particles track in a magnetic spectrometer.

« Particle identification is possible because of the characteristic shapes of the

showers for different kinds of particles,

« Due to the statistical nature of the measurement process the relative energy

resolution improves for higher energies.

s« The calorimeter dimensions necessary for the containment of the shower

increase only logarithmically with the energy of the particle.

« Calorimeters do not need a magnetic field for the energy measurement.

3The first calorimeters in particle physics measured indeed the heat, which was produced in

the calorimeter, See for example [Mei30] and [Ort30),
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« Calorimeters can be very fast particle detectors, which allows their use in high
rate experiments. The fast calorimeter information can be used at early trigger

levels.

Depending on the kind of interaction that dominates the production of secondary
particles, the showers can be divided into electromagnetic showers and hadronic
showers. As the NA48 liquid krypton calorimeter has to measure the energy of
photons, the properties of electromagnetic calorimeters will be discussed in this
chapter. Detailed reviews about hadronic calorimetry can be found in [Fab82], [Fab89],
[Wig87], [Wig9l].

Electromagnetic Showers

Development of Electromagnetic Showers

Photons interact with matter through the photoelectric effect, Compton scattering
and, dominating -at higher energies, pair production (fig.3.1). Thus, the first process
induced by a high energy photon entering a block of matter will be the production of
an electron-positron pair.

Electrons and positrons in matter either emit bremsstrahlung photons or produce
ionization charge. The first process is dominant for particle energies higher than
100 MeV, whereas for lower energies, the energy loss due to ionization dominates

(fig. 3.1). The critical energy £, is the energy, at which the energy losses by these

two processes arc equal. This energy can be approximated by [Ama8l]

_ 5%
¢ Z

meaf

€ [MeV] [Aef_ilo%,formsz <92J. (3.1)

umar
EL'

If a high energy electron or photon hits the calorimeter a chain of pair production
and bremsstahlung emission develops, which lasts until the critical energy is
reached. At this point the particle multiplication stops and the maximum number of

secondary particles, also called the shower maximum, is reached.

Dimensions of Electromagnetic -Showers

A characteristic dimension for the interaction between electrons and matter is the
radiation length X,. One radiation length is the distance after which the encrgy of

the electron is reduced by the factor 1/e.
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Fig. 3.1: Photon cross section and energy loss of electrons and positrons in different
materials [Fab89].

dE
=Ry O.bremr dx (3.2)

Yo

With 0, from QED calculations [Bet34], the radiation length follows for high

energies as
2,3

X, ' = O'OnA[4ln(183Z,,,a,'%)+g} with 0, = Z’"‘"—za, (3.3)
0 m

which is independent of the energy. Since the bremsstrahiung is dominated by the
interaction with the nuclet? it is proportional to Z 2 (fig. 3.2).

mat

le

Fig. 3.2: Emission of Bremsstrahlung.

4The dependence on Z,, is different for the energy loss due to ionization as described by the
Bethe-Bloch formula. There it is proportional to Z . as it is derived from an interaction with the

shell electrons.
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As an approximation [Ama8l]

x| -8 |= 1894 [ A%, (4909, for 1352, <92 | (3.4)
2 X niad

cm” 7z o

matl

can be used.

As the pair production in QED is very similar to the bremsstrahlung process this
emission can be described by the radiation length ‘as well. The average distance that a
very high energy photon propagates before converting into an electron-positron

pair is 2 X,

The longitudinal development of the electromagnetic shower is almost independent
of the material if it is scaled with the radiation length (fig. 3.3). Approximately 25
radiation lengths are necessary 1o contain 99% of the shower. The larger distance to
the shower maximum and the longer tail of the shower for materials with higher Z is

because the critical energy is lower and therefore particle multiplication continues

to lower energies.

dEsdX, (%)
e
~
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7/
25
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Fig. 3.3: Longitudinal development of the showers from 10 GeV electrons in different
materials [Fabg9].

In an approximation, where a constant energy loss of &, per radiation length is

assumed, the distance from the calorimeter front to the center of gravity of the

deposited energy is given by [Rosdl]

Imax[XU]zl.Ol-lnE--—a with a=0.4 for e',e” and @=12 for photons. (3.5)
€ :

4

The depth of the electromagnetic shower increases logarithmically with the

energy of the incoming particle (fig. 3.4).
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Fig. 3.4: Longitudinal dimensions of electromagnetic showers for different particle
energiecs [Miil72].

The lateral development of an electromagnetic shower is caused by two effects. A
narrow core is formed by multiple scattering of low energy electrons in the
calortmeter material. This core is surrounded by a halo of bremsstrahlung photons.
The narrow central core decreases beyond the shower maximum as the two processes

are of different importance in different longitudinal sections of the shower (fig. 3.5).
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Fig. 3.5 The lateral distribution of the energy deposition by an electromagnetic
shower with 1 GeV for various depths in lead. Results of an EGS4 simulation (Figures
are from [Ama81]; original work is done by [Yud69]).
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A suitable measure for the lateral dimension of the electromagnetic shower is the
Moliere radius. About 95% of the shower are contained in a cylinder with a radius of

two Moliére radii. An approximation for the Moli¢re radius is given by [Ama81]

PM{ 8 }2_ mat ég_ﬁigilo%, for13<2Z, <92 |. (3.6
7 miat
cim Zma.' Pu

The lateral spread increases further if the shower crosses regions of smaller
absorption ability. Therefore the lateral dimension has to be scaled by a density factor
even when it is given in units of the Moliére radius.

Particles that produce an electromagnetic shower in the calorimeter can easily be
distinguished from other particles. The showers from particles with the same energy
that interact hadronically - like charged pions - are much deeper and broader. Muons
do npot induce showers in a calorimeter, as the cross-section for bremsstrahlung

emission is proportional to [/m~ (3.3). Therefore they create a single track with an

MeVem’ D -
—— due to ionization along the path of the particle

energy loss of about 2

8

(fig. 3.6).

Fig. 3.6: Different shower shapes of electromagnetic showers (left) and hadronic
showers (middle) and a muon track (right} in the same calorimeter [MARSS83].

Construction of Electromagnetic Calorimeters

Homogenous Calorimeters and Sampling Calorimeters

A simple calorimeter construction principle is to build the whole calorimeter out of

one material that forces the development of the shower and provides a useful signal.
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Very often crystals like Nal(Tl), lead glass, CsI(Tl), Bismuth Germanium Oxide (BGO) or
CsF3 are used. They have a short radiation length (typically a few centimeters) and
emit either scintillation or Cherenkov light. The advantage of homogenous
calorimeters is their superior energy resolution.

To reduce the detector length one can build a calorimeter that consists of layers of a
passive absorber material with a short radiation length, in which the shower mainly
develops, alternated by active detector layers. Such devices are called sampling
calorimeters. Sampling calorimeters can be less deep than homogenous calorimeters
and there is more freedom in the choice of the readout method. The absorber material
can be optimized for particular tasks, for example for electron-hadron

discrimination.

Detection and Readout

As for the construction type there exist different choices for the detection method
in calorimeters. Light emission is measured with photomultipliers or photodiodes.
Homogenous calorimeters are usually segmented in towers of light-emitting crystals
pointing to the vertex with photomultipliers or photodiodes attached to their ends
[.3/88]. In sampling calorimeters, scintillator layers can be inserted between the
absorber material. The light is collected with light guides. Often wavelength shifters
are used to shift the frequency of the signal to a region, where the light guide has its
optimum transmission capability [Gar60]. The light enters the wavelength shifter
through an air gap where it is absorbed and reemitted with a longer wavelength.

Electric charge from ionization can be measured in proportional or ionization
chambers. Gas-filled proportional chambers are only used in sampling calorimeters
as fluctuations in the gas gain give an additional contribution to the deterioration of
the resolution. In these devices layers of proportional chambers are alternated with
the absorber material. More often the ionization chamber setup is used. In ionization
chambers the charge is collected in capacitors with large electrode plates, which can
be the plates of the absorber material in the calorimeter. lonization chambers are
either filled with liquid noble gases like argon [NA31/88], [HI/88], [D0/88], [RD3/92]
and more recently krypton and xenon or with warm liquids (TMP, TMS, HEDS)
[UA1/91]. It is possible to use the drift time information of the ionization charge
[DELPHI8S], [DELPHIZT].

Each construction type has its advantages and disadvantages. The use of crystals
with light readout offers the best energy resolution in homogenous calorimeters.

However, mechanical stability, radiation hardness, problems with hygroscopic
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crystals and the price cause difficulties. Stable calibration is difficult because of the
non-uniformities and the non-linearities in such devices. Light readout in sampling
calorimeters allows for the easy construction of large devices at the cost of problems
with the calibration and aging of scintillators and light guides. Light guides and
photomultipliers introduce dead space in the detector. lonization chambers have 2
good uniformity and linearity and negligible radiation damage but require 2 high
purity of the liquid detection media, especially for warm liquids. The cryostats

necessary for liquid noble gases are additional dead space in the detector.
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Fig. 3.7 Construction Principles of Calorimeters [Fab92].

Electromagnetic Calorimeters as Particle detectors

Energy Measurement

The total track length of all secondary particles in the calorimeter is proportional

to the energy of the incoming particle
E

| Swf[XO]OCE;—, (37)

c

A signal proportional 1o the energy of the incoming particle is achieved, if the
epergy loss per unit track length is constant. For the ionization charge, this is

fulfilled to very good approximation, as the secondary particles have an energy that
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ts well in the relativistic plateau of the Bethe-Bloch formula. In real calorimeters the
measurable track length §

weas  d€pends on the minimum detectable energy 71 and is

smaller than the total track length. However, the measurable track length is still
proportional to the energy of the incoming particle [Ama81]
E
Smea.s'[XO]ocF(n)—“' (38)
8{.‘
Statistical fluctuations of the measurable track length give the intrinsic limitation
to the energy resolution. The estimate
olE)_AN _~N_ 1 1 3.9)
E N N N JE '

gives the functional dependence of the energy resolution on the energy. In sampling
calorimeters the energy resolution is dominated by fluctuations of the energy
deposited in the detector layers. In a sampling calorimeter consisting of cells of one
absorber and one detector layer with a combined thickness d, particles pass the active
layers

S, E
d AR

(3.10)

times, if AE is the energy loss in one cell. The energy resolution of sampling

calorimeters becomes

o(E) _IN _ /ﬁ=0_032 AE[MeV] (3.11)
E N E E[GeV]

Additional c¢ontributions to the energy resolution of real calorimeters can be

included by

6] :
oE)_% o4 @G? (3.12)

E @ B

where O describes all effects of statistical fluctuations of the energy that is seen

in the calorimeter. This term is often called sampling term, as it gives the main
contribution to the energy resolution of sampling calorimeters. The second term
contains the effects of non-uniformities and miscalibrations which are independent
of fluctuations, but depend for example on the impact point of the particle. Pile-up
effects also contribute to this term. The last parameter describes the effect of noise,
which is independent of the energy of the incoming particle.

It is important to choose the size of the calorimeter which is instrumented

comparable to the size of the showers. Leakage - longitudinal or lateral - increases
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mainly the sampling term, whereas the energy measurement of showers which are
small compared to the calorimeter leads to an unnecessarily low signal-to-noise ratio.
Longitudinal shower leakage affects the energy resolution mere .than lateral leakage
(fig. 3.8). Full containment of the shower has to be achieved for all impact points in

the calorimeter, even at the edge of the fiducial volume of the detector.
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Fig. 3.8: The effects of longitudinal and lateral shower leakage on the energy
resolution [Amadl].
Design Criteria for Electromagnetic Calorimeters
Although a good energy resolution is the main task of a calorimeter, Llhere are
further points, which have to be considered in the design of electromagnetic

calorimeters.

« High counting rates and the use of calorimeter data for fast trigger signals have

major impacts on the construction of the calorimeter electronics.

« The requirements for the reconstruction of the position and the direction of the

incoming particle influence the choice of the construction type and the

granularity of the calorimeter.

« The size of the calorimeter and the spatial angle, which has to be covered, can

make particular designs mechanically and financially impracticable.

« In large detector systems, especially in collider experiments, calorimeters have
to be integrated into other detector components. They have to work in magnetic
fields. Sufficient space is necessary for cryostats, electronics, photomultipliers

etc,.

« A limiting factor is the cost of the calorimeter. The cost for the calorimeter and

for the readout electronics have to be considered.
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lonization Chambers and Their Readout

Signal Formation in lonization Chambers

Ionization chambers consist of large parallel plate capacitors with high voltage
between the plates [Wil74]. The signal on the electrodes is induced by the motion of
the drifting charge carriers, negative electrons and positive ions, which were
produced in the gap of the capacitor. The ‘shape of the signal can be calculated using
the reciprocity or the Gauss theorem [Rad88/1]. It uses the fact that the partial
capacitance between any two electrodes is independent of the direction in which it is
measured,

@_9

=C, , 3.13
v, v, ° (3.13)

where a voltage V| applied on electrode 1 induces a charge (J, on electrode 2, and vice

versa. The drifting charge carrier can be described by an infinitesimally smali

electrode. The induced current on the electrode becomes

d[_qt‘;/vcc] V d_
[ =t L opad| Yee |[Sree 3.14
1 dt qc(_gra [Vi ] dt ( )

-E,
with the virtual weighting field E_. It can be calculated supposing that electrode 1 is

at unity potential, whereas all other electrodes in the detector have potential zero. In
an infinite plate capacitor a single drifting charge carrier induces a current shaped
like a step function. The current induced from uniform ionization in the gap can be
obtained from the superposition of the current of single charge carriers and has a

triangular shape

t .
- N
I(r)= IG[I l‘d] O <<y, . with [Ozt_e. (3.15)
Jd<0ort>t, d

In both cases the current signal is as long as the drift time of the charge carriers.
However, in plate capacitors of finite size and for non-uniform ionization in the
capacitor gap, the current shape deviates from these ideal pulse forms, as will be
discussed in chapter ).

A finite lifetime of the drifting electrons in the liquid inside the capacitor gap

superimposes a falling exponential curve to the current.
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Speed and Noise Limits

A simplified circuit for the readout of ionization chambers is given in figure 3.9,

@ N Ce D R,

Fig. 3.9: Simplified circuit diagram for the readout of ionization chambers. Cp is the
detector capacitance, Ls is the inductance of the connections, C, and R, are the

capacitance and the resistance of the amplifier.

The limiting factor for the speed of ionization chambers is the charge transfer time
that is necessary to discharge the detector capacitance into the connections to the
preamplifier. This time is normally much longer than the signal propagation time in
the circuit. A detailed analysis [Rad88/2] shows that the shortest signal propagation
time is achieved for critical damping, ie. R, =154/L;/C, and C,/C,=1/8. In this

case
tr =3.5,L,Cp = 2.3R,C, (3.16)

for the time in which 95% of the charge have been transferred to the amplifier.
The minimum width of the output signal is four to five times longer. As the large
surface of the electrode plates in ionization chambers results in a high capacitance
(up to several nanofarads), fast signals are difficult to achieve. A possible technical
solution is the direct connection of the preamplifiers to the calorimeter electrodes as
used for the uranium-liquid argon calorimeter of the HELIOS experiment [BNL90] and
the calorimeter prototypes of the RD3 collaboration [RD3/92] and the NA48
experiment. This technique requires the preamplifiers to be kept in the cold liquid.

As a consequence of (3.16), the input impedance of the preamplifier has to be small
and is therefore neglected in the analysis of chapter 5.

The fundamental limit to the noise of the electronic chain is introduced by the
amplifying device ("series noise"). All other electronic noise sources can be made
negligible with proper effort. A detailed analysis of the equivalent noise charge for

lonization chamber calorimeters due to the amplifier series noise {Rad88/2] gives
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ENC; = %M«}CD{% % +n Eﬁ] '?“Ss\}am . (3.17)
in D m )

=1, in the matched case
In this formula n is the transformer ratio, which is used for. capacitance matching
(n=1 if no transformer is used), 7,=C,/g, is the amplifier time constant, C,

consists of the input capacitance of the amplifying device and the stray capacitance
of the circuit at the secondary side of the transformer and &, is the excess noise

factor for white noise. ag, is derived from the series noise integral

1= [[n)] dr=~;’31~[s"] (3.18)

—ca n

with h(f) being the impulse response of the shaping system.

The ratio of the equivalent noise charge and the observed signal charge becomes

| tm‘%- ,53'— >1
ENCS oc 3 oc , ;d . (3 1 9)
QS(tm) : h _ i Eﬂ. fm_é ,i <1
; Id 2 tﬂ' td

In the first region the effects of filtering on the noise with the variation of the
high frequency cutoff dominate the behavior. In the second region the variation of

the observed charge is added. There is a strong increase in the electronic noise for

high speed calorimeters.
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Chapter 4: The Prototype Tests

Experimental Setup

The Structure of the Prototype

The prototype NA48 liquid krypton calorimeter used in the 1992 tests had a
cylindrical active volume of 32cm diameter and 125 cm length, which corresponds
to 7 Moliere radii (R,,) and 27 radiation lengths (X,) in liquid krypton. It was
segmented in 184 2x2 cm? cells parallel to the beam. The cells consisted of two half-
cells, separated by electrodes stretched in the beam direction. Each half cell formed a
parallel plate capacitor of 19 mm height, 125 cm length and a gap of 1 cm filled with
liquid krypton. The electrodes consisted of 75 pum thick Kapton foils clad on both sides
with 17.5 um thick copper strips, resulting in a total thickness of 130 pm including
glue. The electrodes in the center of a cell acted as anodes. They were connected
through a 10 MQ resistor to the high voltage supply and via a coupling capacitor
(3 nF, 13kV) to the preamplifiers. The electrodes at the edge of the cells acted as
cathodes, connected to ground. The capacitance between one anode and the opposite
cathode was measured to be 30 pF [Buch]. The anodes of both half-cells were
connected to one preamplifier. Adjacent cells were separated by a gap of 1 mm.
Figure 4.1 shows the layout of four cells.

All electrodes in a vertical row were glued on one side of a Kapton foil. 33 foils of
different size were used (fig. 4.2). The ends of the foils were glued in sandwiches with
boards of Stesalit-G10, which provided signal and high voltage connections. These
blocks were fixed at the ends of a cylindrical support structure of stainless steel,
which slid into the inner vessel of the cryostat. 1 mm thick Stesalit-combs, located
every 30 cm for the first test and every 15cm during the second test, helped to keep
the distance between the foils constant. At room temperature the precision of the
position of the foils was generally better than 100 pm. Unfortunately displacements
due to different shrinking during cool-down led to displacements of 300 pm in the
first 15 c¢m of the calorimeter [Mart]. The readout boards were installed downstream
of the foil structure, the high voltage connections were mounted on the upstream end
of the foils.
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Fig. 4,1: Four cells of the readout structure, seen against the direction of the beam.
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Fig. 4.2: Foil structure of the prototype.

Cryogenics and Gas System

The cryostat of the liquid krypton calorimeter prototype consisted of two coaxial
stainless-steel vessels. The space between the vessels was evacuated to provide
sufficient insulation. In the front of the cryostat a circular stainless steel beam

window of 9 c¢cm diameter was located.




Two high-voltage and two signal feedthroughs provided the electrical connections
to the readout structure,

The inner vessel contained approximately 180 liters of liquid krypton, which was
kept at a pressure of 1.2 bar. The boiling temperature of the liquid was 122 K. During
one hour approximately one liter of I[liquid krypton evaporated, which was then
warmed up to room f(emperature, purified in a gas purifier and sent to the krypton

cooler for reliquefication.

The Readout of the Calorimeter Prototype

The demand on the high rate capability for the NA48 experiment determines the
readout of the photon calorimeter. A longitudinal tower structure with preamplifiers
mounted on the end of the towers keeps connections short and capacitances low. As a
consequence, the preamplifiers are contained in the liquid krypton. which makes
access to them difficult.

The electronic part of the readout uses the initial c¢urrent readout method. The
signal from the calorimeter is in first approximation a triangular shaped current
pulse as described in (3.15). This signal 1is integrated in a charge integrating
preamplifier. These preamplifiers, which were originally designed at the BNL for the
liguid argon accordion calorimeter of RD3, have a risetime of 30ns and a time
constant of 6.6 us. For the second test, the feedback capacitor of the preamplifier was
changed to double the gain with the aim of improving the signal-to-noise ratio. This
shortened the ftime constant to 3.3 ps, The risetime of the preamplifier was not
influenced by this change as additional modifications kept the bandwidth constant.

The preamplifiers were mounted on motherboards which were connected to the
foils such that each preamplifier on one motherboard was connected to a different
anode foil (fig. 4.3).

The output of the preamplifiers was led through the signal feedthroughs and via
20 m long flat cables to the shapers, where the signal was differentiated twfce and
integrated four times [Note91/9]. The shaper output pulse had a risetime of less than
100 ns and a full width at half maximum (FWHM) of less than 200 ns. This pulse was
followed by a small undershoot (5% of the amplitude) with a length as long as the
drift time of the electrons in the gai) (~3 ps). The pulse height of the shaper output
signal was proportional to the result of an integration of the current signal from the
calorimeter during the first 60 ns. This is the reason, why this method is called initial
current readout technique. An overview of the different signals in the readout is

given in figure 4.4,
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Fig. 4.3: Connection of motherboards to the foils (back side of the calorimeter).
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Fig. 4.4: The calorimeter readout. The upper figure shows an (idealized) current pulse
from the calorimeier. The ‘sketch in the middle shows the resulting preamplifier
output pulse. The signal decays exponentially after the period shown in this figure.
The last figure shows the resulting shaper output pulse.
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The integration of the current during a period of 60ns led to a different shaper
output for the same amount of ionization charge if the falling slope of the current
signal changed (fig. 4.5). The resulting shaper output signal had a different pulse

height and a different length. An extremely fast drop of the current signal (as it

happened for very short electron lifetimes) led to an increased undershoot and the

shaper output pulse became bipolar.

14
I5-
t
Fig. 4.5: Different results for for different signal shapes.
dashed area gives the differen irements for the two curves.,

integration time is shown larg.

The shaper has threc different outputs for each readout channel. These were used
during the two tests of 1992 to connect three different analog to digital converter
(ADC) systems: A conventional peak sensing and a charge integrating ADC system
(LeCroy LRS 2281 and LRS 2282) and a Flash-ADC system (STRUCK STR 750). During
the second test a waveform analyzer (LeCroy LRS 6841) was connected to the
preamplifier output of one cell per run to record the puise shape of the signal at the

shaper input.
The FADC System

The FADC system consisted of STRUCK STR755 FADCs with a STRUCK STR751 master
module. The properties of this FADC system can be found in table 4.1,
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sampling

channels

resolution
frequency
DC - linearity
AC - linearity
bus standard

per module

8 bit linear
40 MHz

1+ 1/2 LSB
+2 LSB
VME

8

Tab. 4.1: The STRUCK STR750 FADC system.

As the dynamic range of a FADC channel was too small for the expected signals?,
more than one FADC chanuel was connected to the center cells of the calorimeter. The
FADC channels connected to the same cell differed in the gain. For the first test 32
The different gains

cells were

were equipped with two FADC channels per cell.
achieved by modifying the input amplifiers of the FADCs. During the second test 16
cells were connected to three FADCs and other 16 cells were connected to two FADCs.
During the second test all FADCs had the same input amplifiers. The difference in gain

was achieved by passive attenuation of the signals by factors of 2, 6 and 18. The setups

for the two tests are listed in table 4.2 and the connection schemes are shown in
figure 4.6.
Test channels FADC gains chan/gain | dynamic range
June 92 104 high gain (x20) 72 1:1000
low gain (x5) 32
November 92 128 high gain (x10) 1:15000
shaper gain off (x1) 38 {whole system)
shaper pain on (x6) 42 1:2500
medinm gain (x3.3) 32 (one channel)
low gain (x1.1) 16

Tab. 4.2: The setups of the FADC systems during the 1992 tests.

S8ince the FADC system should operate up to 50 GeV showers, the noise due to quantization

effects would be about ten times the required value as about 50% of the shower energy is expected

—10?/%8‘/ = 30MeV per

in the center cell. Then | LSB corresponds to 100 MeV and the error becomes

cell.
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Fig. 4.6: Connection of FADCs during the two tests. The calorimeter is seen from the back.

The behavior of the FADC system for different beam energies was simulated under
the conditions of the second test. The connection scheme together with the count-to-
energy conversion factors for the different gain types defined the possible energy
ranges for each cell and for the connected FADCs. A pedestal of 15 LSB was assumed.
The response was investigated for impact points reconstructed from the data. The
energy in each cell was computed from a radial profile of the signal height that was
obtained from the test data (fig. 4.7). This shower profile was scaled in magnitude

with the beam energy whereas the lateral dimension was not modified.
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Fig. 4.7: Signal height as a function of the distance between the center of gravity and
the center of the particular cell. The two lines give the position of the eight nearest
cells, if the particle had hit the center of one cell (the distance between two cells is
2 cm).
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The number of cells for each FADC gain type is shown in figure 4.8. The result of
the simulation shows a discontinuity at 12 GeV because the shaper gain was switched
on for all cells during runs with energies lower than that. From the same simulation

the fraction of events, for which it was not possible to recover a saturation by

replacing the
(fig. 4.9).

satarated FADC with a lower amplifying FADC, was also determined
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Fig. 4.8: Average number of cells per FADC gain type for different beam energies. The
plot shows the number of cells, where the particular gain type had the highest gain
without being saturated. The complete showerbox contained 80 cells.

L\01025—
10 &
L=y
~1il
10

§:||||||||||||||1.-||||x||l11|||||1||||||||1||||t|i|

f0 20 30 40 50 60 70 80 90 100

GeV

Fig. 4.9: Praction of saturated events for different beam energies. The line shows the
restlt from the simulation, podints give results of the test.
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With the information of the number of FADC channels of different gain used in
each event, the noise due to quantization errors was calcnlated. The contribution of
the quantization noise to the energy resolution assuming a pure quantization error of
1/4/12 LSB is shown in figure 4.10.
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Fig. 4.10: Contribution of the quantization noise to the energy resolution for different
beam energies. For a comparison the effect of the quantization noise of a 12 bit linear
ADC system is shown.

To give more exact information of the time of the FADC samples, a TDC (LeCroy
[LRS2228A, 50 ps time samples) was used. This device measured the time between the
trigger signal and the clock signal of the FADC system.

The error of the clock phase measurement can be estimated from the spectrum of
the TDC counts. The ideal 500 counts wide rectangular distribution was broadened by 5
counts on average (fig.4.11). The error on the clock phase measurement was
therefore estimated to 100 ps.

During the first test the STOP signal for the FADC system was not synchronized with
the clock phase, which could lead to a missing sample, if the STOP signal reached the
master module at an edge of the clock signal. This occurred in about 1% of the events.
The problem was solved in the second test by synchronizing the STOP signal such that

it arrived in the middle of an FADC clock signal.
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Fig. 4.11: Spectrum of counts of the TDC that measured the clock phase of the FADC
system.

During both tests, 48 FADC time samples were recorded per event, thus providing a
time window of 1.2us. In the time window the signal from the shaper started with a
delay. This delay was 32 samples long during the first test and 20 samples long during
the second test. From the samples before the start of the signal, the pedestal (the
positive offset of the FADC) was determined event by event and channel by channel.
It had been set by the data acquisition to approximately 15 LSB. The shape of the pulse
supplied to the FADC input for electron events is shown in figure 4.12. Two typical
FADC raw data sets are shown in figure 4.13.
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Fig. 4.12: FADC input signal. The plot is the vertical average of approximately 6000
normalized electron events. The FADC clock phase information from the TDC was used
to fill the data into bins of | ns width (November 92).
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Fig. 4.13; Examples of FADC raw data (one event). The pedestal of about 14 LSB is
visible. The left plot shows the output from a low gain FADC in the cell nearest to the
center of gravity of the charge in the calorimeter. The right plot gives the result from a
high gain FADC during the same event, about 4 cm from the center of gravity.
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The Calibration System

Variations in the electronics of the calorimeter lead to cell-to-cell differences in
the response of the calorimeter. Therefore the output of the calorimeter has to be
calibrated. The goal of a constant term of 0.5% leads to the requirement, that cell-to-
cell differences should be kept at the level of 1%.

For the calibration, current pulses, which were comparable in size and shape to the
expected signals from the calorimeter, were produced. The pulse height of the FADC
signals resulting from these reference pulses could be compared with the known
input current. The calibration current signals were produced by a calibration circuit
on each motherboard to avoid distortions by long signal connections. From these
pulses a conversion factor between FADC counts and the input current was obtained
for each ADC. The conversion factor was used in the off-line analysis of the electron
data to trapsiate the measured pulse height of the pulse into a current.

A displacement of the electrodes changes the cell capacitance and the current that
is induced by the drifting charges. Thus cell-to-cell deviations in the gap width
cannot be corrected by this calibration.

The calibration signal was obtained by discharging a capacitor of 2 nF through a
1 k& resistor, giving a time constant of 2pus (fig. 4.14). The discharching was
switched with a very fast switching Field Effect Transistor (FET). The signal was
coupled to the preamplifier with a small capacitor of 13 pF. The pulse height of the
calibration pulses was controlled with the voltage supplied to the FET by a digital to

analog converter (DAC) under control of the data acquisition system,

Pulser

Fig. 4.14: Calibration system for one motherboard.
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The capacitances and resistances of the calibration system had to be measured for
ecach channel at room temperature and in liquid nitrogen [Note91/5]. The results of
these measurements were linearly extrapolated to liquid krypton temperature. After
the analysis of the 1992 tests it was realized that the resistance of the FET showed a
non-linear temperature dependence. This introduced miscalibrations between
different motherboards at the level of 2-3% [Min3/6/93].

The initial current from the calibration circuit can be calculated from the

measured properties as

C VDAC

caf

I =
" (G + 25 Coa )R+ Rey)

: (4.1)

The calibration system was pulsed by a second FET that was used to address specific
motherboards. To reduce cross-talk only the calibration circuits on every fourth
board were addressed for one calibration pulse.

The switching of the FET induced a pickup pulse, which led to a distortion of small
signals. This pickup caused a signal even if no voltage was applied. The size of the
pickup was up to 100 MeV (fig.4.15). During the first test scveral motherboards (9,
10, 13 and 14) showed larger pickup signals due to broken cables inside the cryostat.
To avoid disturbances for other motherboards the addressing of the motherboards was

divided for the first test such, that these motherboards were calibrated separately.
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Fig. 4.15: Pickup pulse averaged from 500 calibration events, in which a zero
reference voltage was provided by the DAC to an addressed calibration system. The
FADC clock phase TDC provided the exact time information (November 92).
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The Test Beam Setup

The beam tests took place in the H4 beam line at the North Experimental Area of the
CERN SPS. The prototype was exposed to electron, muon and pion beams with momenta
between 10 and 120 GeV with an intensity of about 10 ktrigger/burst during the first
and 1 ktrigger/burst in normal runs during the second test. The pion contamination
in the electron beam at nominal setting was at the per mille level (high intensity).
Detuning the beam intensity for the second test increased the pion rate in the beam to
a few percent.

A scintillator hodoscope started the data acquisition. Two different types of triggers,
an electron trigger and a muoen trigger, were used, depending on the beam type. The
electron trigger was given by the coincidence of a signal in two small trigger
counters (S, and S,, 9x9 c¢m?®) and no signal in an anticounter (A, 35%35cm?) in
front of the calorimeter. The anticounter had a hole of 8.5 cm diameter, which was
slightly smaller than the beam window of the cryostat to ensure that no particle hits

the flange of the window, The muon ftrigger required a hit in the two muon counters
(i, and l,, 35x35cm?), one in front and one behind the calorimeter. In addition the

trigger logic provided a logical OR of S,, S, and A, which was used to flag events with
additional activity in the calorimeter within a short time (3 us) before and after the
recorded event. For the second test all counters were equipped with constant fraction
discriminators (EG&G Ortec 935) to provide better information on the time at which
the particle passed the hodoscope. The time resolution of the ftrigger with respect to a
signal from a fast reference trigger counter (NE110) with 70 ps time resolution was
measured to be 190 ps. The standalone time resolution of the trigger signal from the
electron trigger hodoscope is therefore 180 ps. During the second test the pulse
height in the trigger counters S, and S, was measured by ADCs.

Two drift chambers between the trigger counters were used to reconstruct the
impact point of the incoming particle at the calorimeter, Each chamber consisted of
four staggered planes in x and in y with 12 mm wire spacing and covered an area of
16 %16 cm”. The space resolution for the impact point at the front of the calorimeter
was 190 um at 50 GeV/c increasing to 470 pm at 10 GeV/c due to multiple scattering
in the trigger counters [NA48/93]. Two large proportional chambers were located
behind the calorimeter. They were” used to detect particles that had escaped from the
calorimeter, During the second test a lead wall had been built between the prototype
and the proportional chambers to improve the pion rejection with respect to

electrons.
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The total length of material in front of the calorimeter was estimated to be about

0.3 radiation lengths consisting mainly of 4 (3) trigger counters, the two stainless

steel beam windows and 0.11 radiation lengths of Sintimid in the cryostat.
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Fig. 4.16; Layout of the detector selups during the tests (no scale).

Changes in the Setup for the Second Test

a bad

signal-to-noise

The results of the first test suffered from

several improvements to increase the

the second test started.
1. To increase the signal:

« During the first test, the electron lifetime in the

signal-to-noise ratio. Therefore

ratio were introduced before

liquid krypton was very short

(100-200 ns) leadiﬁg to a loss of signal height. After the run, a leak in the signal

feedthroughs was identified as the source of the pollution of the liquid. For the

second test, new feedthroughs were constructed, which solved the problem. The

lifetime was then measured to be longer than 2 us.

« The gain of the preamplifiers was increased by a factor of two. This did not affect

the bandwidth as additional modifications in the preamplifier circuit restored

the speed of the amplifier.

« The shaper gain was switched on (x6) for cells where the pulse height was low

enough (outer region of the calorimeter). This provided a factor of two for the

increase of the signal-to-moise ratio of these channels.
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2. To decrease the noise:

» The analog electronics system was separated as much as possible from any noise
sources, especially power supplies and crates housing digital electronics. Cables

were protected with additional shielding.

« The FADCs with gain 5 showed a larger intrinsic noise than the FADCs with gain
20. These two types had a different amplifier in the input stage. During the
second test, all FADCs were equipped with the same amplifier circuit like the
high gain FADCs in the first test. Attenuating the signals by appropriate factors

gave the different gains.

» As the number of available FADCs increased for the second test, it was possible to
equip the center cells with three instead of two FADC channels per calorimeter
cell. In addition the system had to operate only up to a beam energy of 50 GeV
before saturation, as the low energ.y( range was of gfeal:er interest. This
decreased the contribution of the quantization by the FADCs to the energy
resolution from less than 1.3% for the first test to less than 0.35% during the
second test for ecnergies greater than 5 GeV. These numbers improved for higher

energies (fig. 4.10).

These efforts decrcased the equivalent noise energy (ENE) for the complete
showerbox from 60 MeV per calorimeter cell during the first test to 6 MeV/cell for
the second test.

To decrease non-uniformities in the response of the calorimeter two changes were
made compared to the first test. First, the calorimeter was equipped with more spacers
between the electrode foils to fix their position more accurately. Secondly the

calorimeter was tilted by a small angle (26 mrad) for several runs.
Analysis Methods

Software Techniques

For the off-line analysis of the data a FORTRAN program was written by a subgroup
of the NA48 collaboration. The purpose of this analysis program was not only the
calculation of the test beam 1'esu1fs but also the test of several software tools and
techniques for their usefulness in the final NA48 experiment. The code was written
foilowing the idea of object-oriented programming. To organize and handle the data
the software package ADAMO was used. The conclusions of this software test are

summarized in [Coll2/93].
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Main Analysis Strategy

The basic procedure of the analysis was to obtain count-to-current conversion
factors from the analysis of the calibration data. These were used in the analysis of
the electron data to derive the initial current, which was induced by the drifting
ionization charge, from the pulse height in each channel.

For both, calibration and electron data, the amplitude of the signal from the FADC
data had to be calculated. To avoid non-linearities for small pulses and to reduce cross-
talk effects, the amplitude of the signal was determined as the pulse height at a fixed
time. For the analysis of calibration and of electron data two passecs throngh the data
were performed by the program. During the first pass the mean time of the amplitude
of the signal was computed for each FADC as a function of the amplitude. For the
analysis of the first test, the amplitude dependence was neglected by taking an
average of the mean time for higher amplitudes. During the second pass, the exact
amplitude was determined as the height of the signal at that derived fixed mean time.

After two passes in the calibration analysis a count-to-current conversion table for
each FADC was obtained. It was used after the second pass of the electron data analysis

to assign a value for the initial current to each cell of the calorimeter.
Signal Reconstruction Methods

To reconstruct time and pulse height of the signal from the FADC data two different
approaches were used. For the analysis of the first test, the FADC data were fitted with
a parabola, The time of the amplitude was taken as the time of the maximum of a
parabola fit, where seven time samples were used in the fit. This number of points for
the parabola fit showed the best resolution for the time of the amplitude. The center
point of the fit range was given as the sample with the highest value measured by the
FADC that could be found in an interval of 100 ns (samples 40-44 for calibration and
samples 39-43 for electron data). This interval had been chosen according to the
experience gained from the data. For all channels the same interval was used.

The amplitude was then calculated, reconstructing the signal with a parabola
through the three time samples that were the closest to the mean time obtained
during the first pass. The value of the parabola at this mean time was taken as the
final amplitude of the signal.

The main disadvantage of this method was that due to the asymmetry of the pulse
shape, the seven point parabola fit did not give the correct time of the amplitude but a

later time (approximately 20 ns later for calibration signals). This resulted in a lower
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value for the calculated amplitude at this later time. For the first test the pulses from
electrons were less asymmetric than the calibration pulses. The risetime was 65 ns
and the fall time was 85 ns for calibration pulses, whereas both, rise- and falltime,
were 63 ns for pulses from electrons. As a result, the time shift and the
underestimation of the amplitude was smaller for the latter ones. Thus the use of the
count-to-current conversion factor from the calibration was overestimating the
initial current of the signal from the electrons. A comparison with the results of the
Le Croy ADC systems showed that the initial current was overestimated by
approximately 16%.

In the analysis of the second test, digital signal processing methods were used in
order to be independent of the exact pulse shape. The time of the maximum was
obtained by comparing a reference pulse with the signal. The best agreement was

searched for by maximizing an auto correlation function (ACF)

ACF(Ax)= ZF(x,.)me(xi + Ax). (4.2)

The ACF was calculated in steps of 1ns for an interval of 100 ns (samples 32-36 for
calibration and samples 30-34 for electron data). Again, this interval was chosen
according to the experience gained from the data. The time of the maximum was
determined from the time of the maximum of a parabola through the points given by
the ACF of the time step with the largest value for the ACF and of the two adjacent time
steps. v

The reference pulse was obtained by averaging approximately 6000-10000 pulses
larger than 20 LSB (pedestal subtracted). The phase of the pulses was taken from the
TDC. The mean value for time slices of 1 ns each was calculated. The resulting pulse
was filtered with a digital Butterworth filter of second order with a cutoff frequency
of 40 MHz5.

In addition, the ACF was normalized as

D FGF, (3 + Ax)

> F(x)

which gave an amplitude-independent measure for the similarity of the signal with

ACF

Hortt

(Ax) (4.3)

the reference pulse, This was used to reject distorted pulses for the analysis of

6As the shaper bandwidth was limited to approximately 7 MHz one could have used a filter
with a lower cutoff frequency than in this analysis. This was not done, as the quality of the
algorithm was dominated by distortions of the input signal, not of the reference pulse. The cutoff

frequency was chosen far away from the signal region to avoid any bias of the results.
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calibration and, during the first pass, of electron data. Such pulses occurred

especially at low pulse heights due to noise and quantization effects. A threshold of 0.7
for the nermalized auto correlation function ACF,

nevn?

common for all channels, was

required (fig. 4.17).

- Threshold for cut on ACF
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Fig. 4.17: Normalized auto correlation function ACF,,.,, as a function of the
amplitude, electron data, November 92.

A digital low pass filter was used to reconstruct the pulse during the second pass. If
the signal is ideally bandwidth limited at half the sampling frequency, the best
approximation of the input signal for the FADC is given by

)= zF smx x). (4.4

X=X

For the NA48 liquid krypton calorimeter, it is necessary to cut the long undershoots
of the signals. This unfortunately violates the requirement of bandpass limitation. But
as the undershoot is small, the error on the reconstructed pulse remains small at the
time of the peak,

To obtain the pulse height at the time determined during the first pass of the
analysis program, the time scale of the samplings was divided into 1ns slices. The
signal height at the three time slices. closest to the mean time obtained in the first
pass was computed using (4.4). The results for these time slices were connected with a
parabola. The value of this parabola at the mean time gave the amplitude of the pulse.

This procedure was used instead of using (4.4) directly to avoid errors due to very
small numbers for (x—xi).
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Event Selection Criteria

The requirements that had to be fulfilled by the events used in the analysis are
listed in tab. 4.3. The activity within 3 ps before and after the event was measured by
the trigger counters. This information is therefore uncorrelated with the calorimeter
data, In addition for electron data no events out of the spill were allowed (this never

happened because the trigger for beam events was gated by the SPS timing signals).

selection criterion % of events loss | % of events loss
PC HV off PC HV on
no activity within 3 ps before the event 1.1 0.7
no activity within 3 pus after the event 2.9 2.1
no clusters in the proportionalchambers - 4.0
one track in x and y in the drift chambers 43.8 41.8
Tab. 4.3: Selection criteria for valid events (35 GeV, 1500 triggers/burst,

November 92). 'PC' stands for 'Proportional Chambers’,

During the analysis of the first test, it was only required that a track was found in
two views, independent of their orientation. Only later it was realized that in addition
the correct orientation of the two views, one track in x and one track in y, had to be
required.

For several runs during the second test beam period, especially for the runs
belonging to the energy scan with the tilted calorimeter, the high voltage of the
proportional chambers was switched off. Therefore the cut on the number of clusters
in these chambers could not be used for the analysis of these runs,

The efficiency for the rejection of pions was measured with pure pion runs. At
35 GeV more than one tenth of the pion events passed all the cuts. The pion rejection

improved with higher energy of the pions.

selection__criterion % of cvents loss
no activity within 3 ps before the event 0.5
no activity within 3 us after the event _ 1.1
no clusters in the proportionalchambers 70.8
one track in x and v in the drift chambers 13.4
% of pion events that passed all the cuts 14.2
Tab. 4.4: Event rejection for a pure pion run (35 GeV, 1500 triggers/burst,

November 92).
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Chapter 5: Test Beam Results

As the off-line code was developed during the off-line analysis and the time
between the two tests was just four months, oniy the noise behavior, the calibration
results and the energy resolution were studied for the first test. These results and the
corresponding results from the second test are discussed in the first part of this
chapter. This is followed by a description of the results for the studies of the time and
space resolution and of non-uniformity effects in the calorimeter during the second
test. In the last part of this chapter the reason for the observed non-uniformities will

be discussed.
Results of the Analysis for Both Testis

Noise

The total noise seen by the FADC system was computed from the fluctuation of the
values measured by the FADCs in the first 32 samples of each event for the first test
and of the first 16 samples for the second test. These samples contained only pedestals.
The mean value of the pedestal was subtracted from each of these data. The resulting
values were converted into charge and summed for cach sample over all the FADCs.
The RMS of a Gaussian fit to the distribution of the sums for all events defined the
noise. The noise was calculated for each gain system separately.

To study the impact on the energy resolution it is necessary to consider the FADCs
that were really used in the particular event (including which gain was used on a
given channel). For this reason, non-Gaussian tails appear in the distribution
(fig. 5.1). The width of a Gaussian fit to the distribution increases slightly with the
energy (fig. 53.2).

The noise was divided into a coherent part and an incoherent part. For the
calculation of the incoherent part of the noise, the sum for the values of all even-
numbered channels was subtracted from the sum of all odd-numbered channels. The
result was again histogrammed. The sigma of the distribution divided by the square
root of the number of channels gave. the incoherent moise per channel. The part of
the coherent noise was obtained as the quadratic difference of the total noise in the

system and the incoherent noise in the system. The coherent noise had to be divided

59




by the number of FADCs used in the calculations to give the value for the noise per

cell. The numbers for the noise per cell are given in table 5.1.
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Fig. 5.1: Distribution of fluctuations in the first 16 samples, which contain only
pedestals. The charge for each sample of all the cells used in the particular event for
the calculation of the energy resolution is histogrammed. 1 A corresponds to
approximately 0.5 GeV (November 92, 35 GeV),
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Fig. 5.2: Equivalent noise energy in the FADC system summed for all 80 FADCs used
in the particular event for the calculation of the energy resolution. Circles give the
result for the energy scan with the tilted calorimeter, triangles for the non-tilted
calorimeter (November 92).
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Test FADC gain type total noise incoherent coherent
noise noise
Tune 92 high  pain 28 MeV 27 MeV 0 MeV
low gain 158 MeV 156 MeV 24 MeV
November 92 |high gain x6 1.7 MeV 1.7 MeV < 1 MeV
high gain %1 6.8 MeV . 6.7 MeV <1 MeV
medium gain x1 14.2 MeV 14.1 MeV 1.7 MeV
low pain x1 47.4 MeV 47.3 MeV 2.3 MeV

Tab. 5.1: Equivalent noise energy per cell for the wwo tests for different FADC gain
types. The gain of the shaper is marked with 'x6' (shaper gain on) or 'x1' (shaper gain
off}.

As the noise was a severe problem during the first test, several efforts were made (o
find criteria fo select noisy events that could be rejected in the analysis. After
observations from the on-line monitoring it was assumed that the noise appears in
packages of limited duration followed by periods of lower noise intensity. As the
duration of these periods was longer than the length of the event it should have been
possibie to distinguish between events with higher and Jlower noeise intensity. This

expectation could not be met.

« The RMS of the noise and the peak to peak difference of the first 32 samples for
each event were studied. They had a continuous spectrum for all events. No

particular noisy events could be identified.

+ The noise in the first 16 samples of the pedestal region showed no correlation to
the noise in the second 16 samples of this region. This showed that no
conclusions regarding the noise in one period of the event could be drawn from
the noise in a different period. Therefore it was not possible to conclude from
the noise intensity during the pedestal samples (sample 1-32) to the noise

intensity during the pulse of the event (sample 33-48).

Results of the Calibration

For a long calibration run, which- was used for the calibration of the FADCs, the
voltage of the DAC was increased in steps proportional to n?-1 with n=1,...64 and
additional steps at very low pulse heights for the second test considering the larger
dynamic range. For each step, 500 events were recorded. The pickup signal was

determined from the first 500 events, in which the motherboards were addressed, but
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no reference voltage was applied to the calibration system. The signals of these
cvents were averaged for each FADC in time slices using the phase information of the
TDC. These time slices were 12.5 ns wide for the first test and as this turned out to be
too rough, 1ns wide for the analysis of the second test. In the latter case, the
reconstructed pulse were smoothed by a digital low pass filter (Butterworth filter with
40 MHz cutoff frequency) as the low statistics in each time slice distorted the
reconstructed pickup pulse. The resulting pickup pulse was subtracted at the
beginning of the calibration analysis for each event.

The reconstructed time of the maximum ACF showed an amplitude dependence as
shown in figure 5.3. Figure 5.4 shows examples for the characteristics of different

gain types.
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Fig. 5.3: Time of the maximum as a function of the pulse height, calibration,
November 92.
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Fig. 5.4: Example for the count-to-current characteristics of the FADC system as
obtained from the calibration for the different FADC gain types. Error bars are shown
but too small to he visible,

The calibration resulted in a count-to-current conversion factor for each FADC
channel. An overview of the count-to-current conversion factors for the different
FADC systems is given in table 5.2. The count-to-energy factors result from a

comparison of the beam energy to the sum of the current added in the showerbox.

Test FADC gain type WA per LSB MeV per LSB
June 92 High gain 0.05 30
Low gain 0.19 130
November 92 High gain x6 (0.006 3
High gain x1 0.04 20
Medium gain x| 0.1 50
Low gain xI 0.35 170

Tab. 5.2: Count-to-current and count-to-energy conversion factors.

Energy Resolution

The sum of the initial carrent in all cells of the calorimeter is proportional to the
charge produced by the shower and therefore to the energy of the incoming particle,
In practice, the charge is not summed in the whole calorimeter but in a number of
of The

contains the cells to be summed is preferred to be large to keep the deterioration of

cells around the impact point the particle. size of the showerbox which

the energy resolution due to transverse shower leakage small. However, the size of
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the showerbox is limited by the noise, which scales with fhe square root of the
number of cells in the showerbox. For the FADC system used in the 1992 tests of the
liquid krypton calorimeter, the restricted number of available FADCs yielded another
limitation to the size of the showerbox. For the analysis of both tests, all cells, which
were equipped with FADCs were used in the showerbox. This gave a box of 72 cells for
the first test and of 80 cells for the second test. A typical distribution for the sum of

the charge in the 80 cells showerbox is shown in figure 5.5.
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Fig. 5.5: Distribution of the initial current summed in a showerbox of 80 cells
(November 92, 35 GeV, non-tilted calorimeter),
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Fig. 5.6: Comparison of the peﬁk of the imitial current distribution for a non-tilted
calorimeter and for a tilted calorimeter (November 92, 335 GeV).
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The low energy side of the peak of the distribution showed a non-Gaussian
shoulder. The reason for this shoulder can be found in the non-uniform response of
the calorimeter and will be explained later. The non-Gaussian shoulder was reduced
in the case of the tilted calorimeter configuration (fig. 5.6).

The energy distribution had low energy tails. 0.7% of the events remaining after
the normal trigger cuts showed an emergy which was smaller than 90% of the mean
energy of the peak of the energy distribution. Different approaches to understand

the reason for this low energy tail were investigated:

+ The efficiency of the protection against additional activity in the calorimeter
before and after the event was tested. Most of the events that contained an
additional pulse in the time window, which was provided by the FADC data, were
correctly marked with a protection flag. Neither pile vp effects nor errors in the

calculation of the pedestal due to additional pulses could be found.
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Fig. 5.11: Distribution of the highest value recorded in any high gain FADC outside
the time of the pulse. The full line shows all events without requiring that no-
additional activity occurred in the calorimeter. The dashed area gives the distribution
for the events for which the before and the after protection flags were not set.
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+ The pulse height spectra in the trigger counters show the same distribution as

the spectra for events with correct total energy in the showerbox. This excludes
that events in the low energy tail are from particles which induce showers

before they hit the calorimeter.
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Fig. 5.9: Pulse height spectra for the signals in the two small trigger counters
S| (Jeft) and S, (right). The upper row shows the spectra for all events. The lower
histograms contain only events with an energy less than 90% of the mean value of the

peak of the energy distribution.
« The distribution of pedestals was studied to look for events with a corrupted
pedestal. The deviations from a Gaussian distribution are too small to explain the

observed low energy tail.
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Fig. 5.12: Distribution of the pedestals.
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. The full width at half maximum (FWHM) of the pulse in the center cell of the
shower was calculated to look for any deformation of the signal for events with a
lower total energy. No distorted puilses could be observed which could be an

indication for an error in the electronics chain.
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Fig. 5.10: FWHM of the pulse in the cell with the highest amplitude as a function of
the total initial current added in an 80 cells showerbox.

« The events in the tail show no significant position dependence, as reconstructed

with the drift chambers.
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Fig. 5.8: Beam profile reconstructed wilh the drift chambers. In the left figure the
peamprofile for all events is shown. One can see the circle defined by the anticounter
in the trigger. Missing slices are due to dead wires in the drift chambers. In the right
figure, only events with an energy less than 90% of the mean value of the peak of the
energy distribution are plotted. The dotted lines give the dimensions of the cells.
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q(3x3)/a(80cells)

The sum of the current in an 80 cell shower box is the same for the FADC system
as for the LeCroy peak sensing ADC system. Therefore the low energy tail could

not be explained by an ADC specific error.

gy~
o o
T T

(W

()]

<L

< 50 F

‘0 F .

S 40 E .

m -

~x 30 F

8 N

o 20 F

- b

810;— :

< O_ﬁ.l...‘lu...\.n-\.\HIH.\{,..\I..‘.
O 10 20 30 4C 50 60 70

FADC (uA)

Fig. 5.7: Current summed in the 80 cells showerbox for two different ADC systems
(FADC and LeCroy Peak Sensing system).

The ratio of the initial current in a box of 3x3 cells around the cell with the
highest signal to the initial current summed up in 80 cells showed a behavior

comparable to a pure pion run.
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Fig. 5.13: Ratio of the current in a box of 3x3 cells around the cell with the maximum
initial current to the initial current summed up in an 80 cell showerbox. The left plot
shows a pure pion run, the right run shows the result of an electron run.
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* The fraction of events in the tail decreased for rupns with higher energies (from
20% for 35GeV to 1.5% for 80 GeV) and for runs at higher intensities (from
0.7% for 1 ktrigger/burst to 0.3% for 50 ktrigger/burst).

The last two results suggest that the events in the tail are pions but no quantitative
proof was found. The high pion contamination of the beam, which would be
necessary to explain the low energy tail (approximately 4.5% pions), could be caused
by the detuning of the electron beam to obtain the desired low rate for the second test,
If this assumption is true the amount of events in the tail should decrease for higher
energies and higher intensities, which could be observed in the data. To reach a
definite conclusion in this question a Cherenkov counter will be used during the test
in fall 1993,

Another hardware problem was the reason for additional non-Gaussian effects in
the energy distributions of the first test. The improper measurement of the FADC
clock phase (for 1% of the events one FADC sample was missing) led to a false shift of
25 ns away from the mean time of the amplitude. As the amplitude of each event was
taken as the pulse height at the fixed mean time, the energy of the shower was
underestimated for these events. This led to a small second peak at 85% of the real
energy.

For the energy scan with the tilted calorimcter during the sccond test, the high
voltage of the proportional chambers was switched off. Therefore events caused by
muons could not be rejected. This led to a small peak at very low energies. It contained
about 1% of the events remaining after all the cuts, The distribution was similar to the

energy distribution obtained from dedicated muon runs,
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Fig. 5.14: Energy resolution as a function of the energy of the incoming electron.
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The energy resolution as a function of the beam energy is shown in figure 5.14. A

fit following (3.12) gives

olf) . T1%_ g0 500032V (june 1902), (5.1)
E  E[GeV] E[GeV]

o(E) __54% _ o0 5190 0MY  (November 1992). (5.2)
E  \JE[GeV] E[GeV]

For both equations the value of the last term, which is determined by the noise, was
computed with the method explained above. These parameters were fixed in the Ffit.
The fit can only give an approximation to the real behavior as the small number of
points and the structure of the function made the fit procedure unstable.

For the second test, the energy resolution was also calculated for the LeCroy peak
sensing ADC system for the same events and the same showerbox as for the FADCs. The
results for both systems are of the same magnitude (fig. 5.14). For the first time the
FADC system of the NA48 liquid krypton calorimeter prototype with 8 bit linear FADCs
with 3 different gains was as good as a conventional 12 bit ADC system.

The mean values from the Gaussian fits to the energy distributions can be used to
calculate the linearity of the liquid krypton calorimeter prototype. The measured
energies for the tilted calorimeter are linear with respect to a fit with constant

weight within less than 0.5% (fig. 5.15).
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Fig. 5.15: Linearity of the energy response (tilted calorimeter, November 93). The
right plot shows the deviation from the linear fit for the energies of the energy scan.
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Results for the Second Test

The following investigations were only done for the data of the second test. Except
from the trigger requirements used for the analysis of the energy resolution it was
required that the energy in the 80 cells showerbox was within the peak of the energy
distribution. Only events with an energy larger than 90% of the mean cnergy of a

Gaussian fit to the distribution were taken.

Space Resolution

The impact point of the incoming particle was obtained from the center of gravity
of the initial current in each cell at the position of the center of the particular cell.
The center of gravity was computed in the showerbox of 80 cells that were equipped
with FADCs and in a showerbox of 3x3 cells around the cell with the highest

amplitude. The position had to be corrected by

2x 2x. . ’
Xy = Aln| —sinh Qe + ot iy et +1 (5.3)
dc:eH r 2 ﬁ' d('ﬁﬂ F 2 )L

to count for the discrete <cell structure of the calorimeter (fig, 5.16), The
parameters A and F had to be found from a fit to the data. A set of parameters was
calculated for each coordinate direction and for each size of the showerbox in which
the center of gravity was calculated. These parameter sets were common for all
energies, The correction improved the resolution by a factor 2-5 depending on the
size of the showerbox.

The space resolution was obtained from the width of the distribution of the
difference of the center of gravity and the point, where the extrapolated track from
the drift chambers had crossed the front of the calorimeter. The results for the space
resolution are shown in figure 5.17. The distribution shows small non-Gaussian- tails
after the normal trigger requirements and the additional demand for the total energy
in the peak of the energy distribution. Less than 0.5% of the events had a difference
greater than 0.5 cm between corrected center of gravity and impact point from the

drift chambers.
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Fig. 5.16: Non-linear relation between the uncorrected center of gravity and the
impact point as reconstructed with the drift chambers. The line shows the fit using
(4.7).
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Fig. 5.17: Space resolution of the center of gravity as a function of the beam energy for
different showerbox sizes. The left plot shows the results for a calorimeter parallel to
the beam. The right plot shows the results for a tilted calorimeter.

The space resolution was computed for runs during which the calorimeter was
tilted, and also for runs during which the calorimeter was parallel to the beam. The
space resolution for the x-coordinate is worse in the case of a tilted calorimeter, as the

shower spreads over more cells in this direction. Again the results are of the same

order of magnitude as for the LeCroy peak sensing ADC system [Coll12/92].
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Time Resolution

Different methods were used to calculate the time resolution of the calorimeter. In
the first approach, the time of the maximu;l ACF was taken. Better results were
achieved by determining the time at which the signal reached half the maximum
amplitude. For each approach, the time for each event was taken from the highest not
saturated FADC gain type of the cell with the highest pulse height. Both resolutions
improved after taking the weighted mean of the times from the ning cells of a 3x3
cells box around the cell with the highest signal. The squared value of the puise
height in the particular cell was used as the weight. All results were corrected for the
pulse height dependence. The spectrum for each FADC was divided into slices of 5LSB
and a mean time for each slice was calculated (fig. 5.18). The mean time was
subtracted from the computed time of each event. The method also corrects for

cell-to-cell differences in the timing, which can be up to 25ns (fig. 5.19).
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Fig. 5.18; Time of the amplitude as obtained from the ACF as a function of the
amplitude {electron data, November 92).
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Fig. 5.19: Channel to channe! differences of the time of the amplitude as obtained
from the ACFE. Note the similar behavior for FADC channels of different gain, which
were connected to the same calorimeter ccll. The use of the shaper amplification (x6)
delayed the signal by about 40 ns.
To obtain the time at half the maximum amplitude, the peak of the signal was
reconstructed using a parabola through the largest data sample and the two adjacent
samples. The time of the intersection of a parabola through three points at the

leading edge with the level at half the amplitude was taken as the time information

for this event.
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Fig. 5.20: Time disiribution for the time at which half the amplitude is reached. The
time is the weighted average in a 3x3 cells box (35 GeV).
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The resulting time distributions showed no non-Gaussian tails, if all trigger
conditions were required and only events with a total energy greater than 90% of the

mean energy of the peak of the energy distribution were used (fig. 5.20).
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Fig. 5.21: Time resolution of the calorimeter as function of the beam energy. The (wo
upper curves give the time resolution for the whole pulse obtained from the ACF,
whereas the other curves show the time resolution of the time at which half the
amplitude is reached. '3x3' denotes the weighted average of the time in a 3x3 cells box
around the center cell of the shower. The fit for the low gain FADC is explained in the
text. Other lines are simply to guide the eye.

To understand the sharp limitation of the time resolution without any improvement
for higher energies one has to keep in mind that the FADC gain type in the center
cell of the shower changes with the energy. For high energies the time resolution for
all gain types behaves similarly to the time resolution for the low gain FADC. At these
energies at least one FADC had to be a low gain FADC. With decreasing energies the
time resolution of the low gain FADC alone deteriorates, whereas the time resolution
for all gain types remains stable. For these energies more and more medium FADCs
can be used for the center cell of the shower. '

The time resolution for the low gain FADC can be fitted with

_ 26.4ns

o,  =———=~0434 ps. 5.4
time E[GQV] p ( )

The 1/E term in the fit can be estimated from the noise in the FADC system. From
the average pulse in figure 4.12 the slope of the rising edge can be approximated by
35% - amplitude

lope = . 5.5
stop 25ns (5.5)
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Assuming that on average one third of the energy of the incoming particle is
deposited in the center cell (in reality 20%—30% depending on the impact point of the
particle) the slope is given by

slope = (5.6)

e E!;eam '
1500ns

The time resolution can now be estimated from the noise of one low gain channel
G, =4TMeV  (tab. 5.1)

N20,,, 14.2ns
slope  E[GeV]

time

(5.7

which is in the order of magnitude of the fitted result. The factor N2 was used to
consider the error on the knowledge of the amplitude and of the rising edge.

Contributions to the constant term of the time resolution come from the time
resolution of the trigger signal (180 ps) and from the uncertainty of the clock phase
measurement with the TDC (about 100 ns). Still, these contributions cannot explain

the high value for the constant term of the time resolution.

Non-uniformity of the Calorimeter Response

The measured energy shows a dependence on the impact point in the x-coordinate,

perpendicular to the electrodes (fig. 5.22).
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Fig. 5.22: Non-uniformities in the energy response of the non-tilted calorimeter for
different motherboards (MB). The positions of the anodes are ...,-3,-1,1,3,..cm, the
positions of the cathodes are ...,-2,0,2,..cm.
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Two different types of non-uniformities can be distinguished:

« Left-right asymmetries: The response depends on whether the particie hit the
left or the right half-cell.
which

One possible explanation is a misplacement of the

foils, leads to different capacitances of the two half-cells. Left-right

asymmetries decreased after the insertion of additional spacers between the foils

to define their position more accurately.

« Dips at the position of the foils: They are deeper for the readout foils at the
center of the cell (3% energy loss), smaller at the high voltage foils at the edge
of the cells. The depth of the dips decreased after turning the calorimeter by a

small angle (26 mrad) whereas the width increased.

The wvariation of the energy response in the y-direction shows a small

non-uniformity. One possible explanation could be the miscalibration between

different motherboards due to the incorrect extrapolation of the resistance of the FET

in the calibration circuit. No patterns periodic with the dimension of the cell

structure could be found.
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The time of the signal and the signal shape is also dependent on the impact point of
the particle. The dependence of the time at half maximum and of the FWHM of the
shown in figure 5.24 and figure 5.25. For the time

pulse on the x-coordinate 18

information a regular pattern in the y-coordinate was also observed (fig. 5.26). The
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reason for this behavior will be explained in the next section. For all plots a pulse

height correction was applied. This decreased pulse height effects as the amplitude

itself was position dependent.
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Fig. 5.24: Non-uniformity of the time at half of the amplitude for different
motherboards (MB). The positions of the anodes are ..,-3,-1,1,3,...cm, the positions of
the cathodes are...,-2,0,2,...cm
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Fig. 5.25: Non-uniformity of the full width at half maximum (FWHM) for different
motherboards (MB). The positions of the anodes are ..,-3,-1,1.3,...cm, the positions of
the cathodes are...,-2,0,2,...cm
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Fig. 5.26: Time dependence on the impact point in the cell. The plot is the average of
all cells in the calorimeter, Larger boxes show later times.

Charge Coliection Effects

Waveform Analyzer Studies

To understand the non-uniformity effects in the calorimeter, the preamplifier
output was studied with a waveform analyzer (WFA). This device, a LeCroy LRS 6841
waveform analyzer, has a resolution of 8 bit and was programmed to record the
signal with a frequency of 50 Msamples/s. It was connected with a Tektronix P6201
high impedance FET probe to the preamplifier output of ome cell. The cell to which
the probe was connected was changed after several runs. An example for a typical
signal is given in figure 4.44. The signal was recorded with a pedestal of 30 LSB and
an offset of 80 time samples. The whole time window recorded with the WFA was 256

time samples or 5.12 us long. In total 3.5 ps of the signal was recorded.
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Fig. 5.27: Example of a preamplifier output pulse as recorded with the waveform
analyzer.

The noise of the WFA was obtained from the distribution of samples before the start
of the pulse, which contained only pedestals (fig. 5.28). The RMS of this distribution
was about 0.8 LSB.

mean = 30.78 LSB
RMS = 0.78 LSB
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Fig. 5.28: Noise of the waveform analyzer.

The main item of the analysis was the time in which the maximum of the
preamplifier output pulse was reached (peaking time). For a given shape of the input

current into the preamplifier, the peaking time remains constant and does not
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depend on the amplitude of the input current. Any fluctuation of the peaking time
indicates a deviation from the original shape of the input current.

Unfortunately, the resolution of the WFA was not sufficient to determine the time
of the maximum unambiguously, since the maximum extended over up to 100 samples
for lower amplitudes below 5 @A initial current. Therefore the pulse was scanned
once from the beginning to the end to search for the first maximum and then
scanned in the reverse direction to find the last sample with the maximum value. The
peaking time was taken as the mean value of the time of the first and the time of the
last sample with the value of the maximum. The fluctuation of the pulse height over
the plateau was not larger than 1 LSB. Due to the asymmetric shape of the
preamplifier output pulse, the calculated peaking time overestimates the real peaking
time for longer plateaus. Still it gives a much better approximation than the time of
the first maximum.

The peaking time in dependence of the impact point of the electron (which was

reconstructed with the center of gravity) was studied (fig. 5.29).
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Fig. 5.29: Peaking time as a function of the impact point. The cell with the WFA has
the coordinates -lcm<x<lem and -lem<y<!1cm., The left plot shows a box
plot, where larger boxes show later peaking times. The right plot shows a surface plot,
where the z-coordinate gives the peaking time. The plots are asymmetric with respect
to the cell axis, as they show the result from a run with a tilted calorimeter.

A strong effect is observed, whenever the impact point of the electron is in the cell
which is connected to the WFA. The signal peaks earlier, if the impact point is near
the anode and later, if it is near the cathode. This effect indicates a more convex shape
of the input current for the first case and a more concave shape in the latter case. If

the impact point lies in the cells left or right of the cell with the WFA, the peaking
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time remains constant. To check the shape of the inputl current, it has been
reconstructed by deconvolution of the preamplifier output signal using the ideal
preamplifier response function. Unfortunately this could not be done event by event
because the resolution of the signal digitization by the WFA was not sufficient.
Therefore only the sum of the deconvoluted signals for all events, in which the

electron had hit certain regions of the calorimeter, has been calculated (fig. 5.30).

nits

arb. u
IHIIIHl]itiHIl\

iii’il[]l[]lftil]lil[

IIIIiIII]!lllIlI II|III]IIIII|IIII

¢) | J)

TZFTTT

— o

arb. units

A%_EIIFT!]WI[]IIE‘IIH|[

%Jll[ll[ll[ili[iiT'i

!III!IlII{IEllI] IIIIII|1III|I!II

2 3 4 5 2 3 4 5
Us 1S

Fig. 5.30: Deconvoluted input current for different regions of the calorimeter. Only
cells with the same y-coordinate as the cell with the WFA (left and right of it) were
taken. a) -0.3 cm < x < 0.3 cm. b 0.3 cm < x < 0.7 cm.
¢} 0.7 cm <« x < £1.3 cm. d)y*13 cm<x. The anode is at Ocm and the cathodes
are at £1 cm.

In the direction of the y-coordinate, an additional structure can be observed. In the
cell with the WEA connected, the preamplifier signal has the largest peaking time if
the electron hits in the corner of the cell, near the cathode and in the region near to
the adjacent cells (in electrode direction). In these adjacent cells, the V-shape is
reversed with respect to the behavior in the cell with the WFA. The signal peaks later,

if the electron hits near the anode and earlier for impact points close to the cathodes.
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Tilting of the calorimeter decreases the depth of the V—shape; which 1s alse an
indication for smaller non-uniformity effects (fig. 5.31). In the tilted case, the shape
becomes asymmetric. [t is shifted by 2 mm and the latest peaking times are different
in the cclls left and right of the cell with the WFA. The difference between the latest

peaking times on the two sides is about 100 ns.
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Fig. 5.31: Peaking time for cells with the same y-coordinate as the cell with the WFA
(cells left and right of it). The left plot shows the results in the case of the non-tilted
calorimeter. The right plot shows the results for a tilted calerimeter (26 mrad).

Simulation of Charge Collection Effects

To understand the reason for the observed effects in the peaking time of the
preamplifier output signal, the charge collection in a system of parallel plate
capacitors of finite size was simulated. In this analysis, a different approach (o the
normal weighting field method was used, which gave qualitatively the same results,
Exploiting the fact, that the | mm gap between two strips on one foil is small, the
analytical solution for the charge density on one plate of a parallel plate capacitor of

infinite size [Fon67]

p() =L (1) sin[nf" ]Ko[ﬂ) (5.8)

T al4 L L

was used, x, denotes the distance of the charge inducing electron to the electrode

at x=0 and K, is the modified Bessel function of zero order. The charge density on the

plate was integrated between +oo in one direction and in strips of 20 mm in the

second direction for different positions of the drifting electron (fig. 5.32).
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Fig. 5.32: Charge induced by a point charge on one strip on one plate (x=1cm) of a
parallel plate capacitor. The strip is at x=1cm and -1 ecm<y<1em. The x- and
the y-coordinate give the position of the charge carrier, For each point the charge
induced on the strip is shown by the height of the histogram. The width of the strip is
shown by the two lines at the bottom. (Note different scales for x and y),

The difference of the charge induced on the strip between two consecutive
positions of the drifting electron was calculated. Thus a function was obtained that,
after multiplication with the drift velocity, describes the current induced by a single
drifting electron (fig. 5.33). For a parallel plate capacitor of infinite size, the current
induced by a single drifting electron has a rectangular shape. The simulated current

induced on a strip of finite size shows a different behavior. Tt increases with the

proximity of the drifting electron to the strip, if the electron is produced in the gap of

the same strip. If the electron is produced in an adjacent cell it induces a current in
the electrode, which is positive for larger distances but decreases and even gets

negative for smaller distances’ (fig. 5.34).

7 Another study of edge effects” in ionization chambers with similar results as in this analysis

can be found in [Ros49].
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Fig.5.33: Change of the charge induced by a drifting peint charge on one strip on one
plate (x=1cm) of a paralle! plate capacitor, The strip is at x=1icm and
-lem<y<1lcm. The point charge moves in the gap parallel to the y-axis toward
the plate at x=1cm, The height of the histogram shows the difference of the charge
induced on the strip between Lwo consecutive positions of the point charge. The last
position gives the coordinate of the histogram. The input current 10 the preamplifier
can be obtained by multiplication with the drift velocity. (Note the different scale for
x and ¥).
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Fig. 5.34: Change in the charge induced by a drifting point charge on one strip on ocne
plate (x=1cm) of a parallel plate capacitor. This plot shows slices from the
previous figure which correspond to the currents induced by charge carriers drifting
in the gap. a)} The charge carrier moves in the center of the cell. b} The charge carrier
moves at the edge of the cell, but still inside. ¢) The charge carrier moves af the edge
of the cell, already in the next cell.
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The shape of the input current in one cell produced by a whole shower was
computed by adding the current induced by single electrons starting their drift at all
points in the two gaps of the cell. Each single electron current was weighted with the
charge density produced by the shower at its starting point. The radial charge density
wpsed for this calculation was obtained from an EGS Monte Carlo simulation adapted to
compute the energy deposition in concentric rings of constant area.

The preamplifier output signal was obtained from a convolution of the input
current with the preamplifier response function. The resulting dependence of the
preamplifier peaking time is given in figure 5.35. It is in good agreement with the
data. The V-shape of the peaking time dependence on the direction perpendicular to
the electrodes and also the latest peaking times in the corners of the cell are
reproduced. In the adjacent cells, the opposite behavior is observed, later peaking

times close to the anode, earlier peaking times close to the cathode.
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Fig. 5.35: Peaking time of the simulated preamplifier output signal in one half-celi as
a function of the center of the charge distribution. The strips end at -1 cm and | om
in the y-coordinate. (Note the different scale for x and y).

The sudden change in the response of the peaking time at the border between two
cells can be understood from the shape of the input current to the preamplifier
(fig. 5.36). Near the edge of the cell, a small second peak in the input current
appears. It comes from the peaks of figure 5.33, at the time when the drifting charge
produced by the center of the shower reaches the anode. Crossing the border between

the two cells this second peak turns down and causes an earlier peaking time.
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Fig. 5.37: Simulated input currents (upper plot) and the resulting output signals of
the -preamplifiers (lower plot) for different positions of the center of the charge
distribution in the x-coordinate (direction of the electrodes). In the y-direction
(perpendicular to the clectrodes) the center of the charge is at half the width of the
gap. The highest current is produced by an electron hitting in the center of the cell.
The input current is decreasing, if the impact point is moving away from the center of
the cell. If the impact point is near the edge of the cell there is a second peak with
different orientation for impact points in- and outside the cell. a) The impact point of
the electron is in the center of the cell. b) The impact point of the electron is at the
edge of the cell, but still inside. ¢) The impact point of the electron is at the edge of
the cell, already in the next cell.

In reality the peaks for electrons at the edges of the cells are smaller than in the

simulated currents as the use of the analytical solution of the charge on one plate of a
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plate capacitor neglects the finite distance between adjacent étrips. A detailed Monte
Carlo study of the zig-zag calorimeter structure using the virtual weighting field
method as well as position-dependent drift velocities was completed meanwhile. This
simulation yielded a sampling term of 3%/~E for the energy resolution of the
calorimeter [Coll4/93].

The different slope of the input current during the integration time of the shaper
is also the reason for the non-uniformity of the time response of the calorimeter
from the analysis of the FADC data (fig. 5.26). The shaper output signal peaks earlier,
if the falling slope of the cutrent from the calorimeter cell is less negative or even
positive. Therefore events with impact points near the uopper or lower edge of the
cells have an earlier peaking time of the shaper output signal. This effect is stronger
near the anode foils, as the additional peak in the input current is closer to the

integration interval of the shaper.

Electron Lifetime in the Calorimeter Prototype

The simulated input current to the preamplifier can be used to obtain an estimate
for the lifetime of the electrons in the calorimeter prototype. The real input current
should be -equal to the simulated one with a falling exponential function
superimposed, which is given by the finite lifetime of the electrons, In the following,
the steps which were taken to compare the two cases are described. The cell with the
WFA was divided into five regions, cach 2 mm wide in the x-coordinate and 2 cm high
in the y-coordinate. The deconvoluted current was calculated from the test beam data
as for the plots in figure 5.30. In parallel, the simulated input current was averaged
over the same regions. The shapes of the calculated and the simulated currents were
compared region by region. In a fit of the simulated current to the calculated current,

the simulated current was adjusted in amplitude and "time to obtain the best

agreement.
Py <Py
LI (1) L >t>
p4+p5p _p sim € ’pl pj
1=+ 3 1 , 5.9

f() . (5.9)
p4+p5fsim(r)e ’p3>t>pl+p2
L P4 . JA>ptp,

where the p_, denote the fit parameters. The width of the time bins of the

simulated data was scaled such, that the current was zero after a time corresponding
to p,, which gave the drift time of the electrons in the gap. The lifetime of the

electrons is described by p,. The parameter p, allowed for a finite risetime.
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The main problem was the error due to the numerical differentiation necessary for
the deconvolution of the WFA data. The pedestal following the pulse seemed to be
higher than the pedestal before it Unfortunately the time window provided by the
WFA was not long enough to decide unambiguously where the pulse ended. A tail of
the pulse affects the lifetime. A longer drift time (long tail) fakes a shorter lifetime,
whereas a shorter drift time (short tail) leads to a longer lifetime. Therefore four
different kinds of fits were done. For the first two fits, a fixed drift time has been
assumed and used in the fit. These values were taken from previous measurements of
the drift velocity of electrons in liquid krypton. As the measurements do not agree
completely, the first fit was done with a drift time of 3.3 ps, calculated from the

measurements of [Mil68]. The second fit used a drift time of 2.4 us, which was obtained

from [Yos76]. At 3 kV, the voltage used for the test beam data, this measurement is also
in good agreement with the data measured by NA48 with the krypton used for the test
beam [Minl3/5/93]. For the third fit, the drift time and the lifetime were obtained
from the fit, but only the first 2 ps of the pulse and the pedestal before it were used.
For the last fit, all samples were taken. An example for each fit is given for the region
0.6cm<x<0.8cm in figure 5.39. The fit with the drift time fixed to 2.4 ps does not
describe the data. The results for the electron lifetime and drift time obtained {rom

the four fit methods are shown in figure 5.38.
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Fig. 5.38: Results for the lifetime and the drift time of drifting electrons from
different fits of simulated current shapes to the data from the test beam.
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Fig. 5.39: Fit of the simulated current to the current obtained from the deconvelution
of the preamplifier output signals. a) Fit with drift time fixed to 3.3 ps, all samples
used, by Fit with drift time fixed to 2.4 pus, all samples used. ¢) Fit with free drift
time. Only the first 2 us of the pulse and the pedestal before it were used. d) Fit with
free drift time, all samples used.

The lifetime obtained with this method is only a lower limit. The shape of the
current from the deconvoluted preamplifier output is affected by many parameters,
where the main contribution comes from the resolution of the center of gravity, This
leads to a decrease of the bumps in the current shapes, which fake a shorter lifetime.
This effect is difficult to estimate, To conclude, the lifetime of electrons in the liquid
krypton of the calorimeter prototype was certainly longer than 2 ps and most

probably even longer tham 2.5 ps.

Charge Collection Effects and Non-uniformities

The non-uniformities in the energy response of the calorimeter can now be
understood as the consequence of the charge collection effects in connection with

the highly non-uniform ionization in the gaps of the calorimeter.
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The energy resolution is influenced by the changing amount of charge that is
produced in the region near the anodes. Electrons that reached the anode before the
end of the integration time of the shaper give a smaller contribution to the signal.
Signal induction in adjacent cells does mnot directly ‘contribute to the energy
resolution as the energy is summed in all cells of the showerbox. However, the error
of the measurement is increased due (o miscalibrations between different
motherboards. As a consequence of these effects, ‘each drifting electron produced in a
shower is measured with a position-dependent weight.

In principle, a correction depending on the impact point of the incoming particle
is possible. However, this correction can only improve the constant term of the
energy resolution. Fluctnations in the lateral energy distribution still influence the
sampling term of the energy resolution,

The space resolution suffers from the same problems as the energy resolution.
Additional problems arise from the spread of the induced charge in the direction
parallel to the electrodes. This is the reason that for a non-tilted calorimeter the space
resolution is worse in this direction than in the direction perpendicular to the
electrodes.

The impact of charge collection effects on the time resolution have already been
discussed. Again a position-dependent correction would be possible. However, it is
questionable, whether this correction is necessary. The correction will be difficult
due to the two-dimensional structure of the dependence and the required time
resolution is already reached without this correction.

All effects are decreased in the case of a tilted calorimeter. However, the correction
of the remaining non-uniformities will be difficult, as the intersection of the shower
with the cells of the calorimefer leads to a non-trivial dependence of the correction

factors on the energy.
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Chapter 6: Summary

The two main items of this analysis were the study of the capabilities of the FADC

system in

respect of energy, space and time resolution and the reasons and
consequences of the non-uniformities in the calorimeter response.
The quantitative results of this analysis are summarized in table 6.1.
Proposal FADC LRS Peak FADC
June 92 November 92| November 92
Noise per cell 3 MeV/cell | 60 MeV/cell] 4 MeV/cell | 6 MeV/cell
Energy resolution ¢, =3% ¢ =711% ¢, =5.4% ¢ = 5.6%
o _ @ c @ c, =0.5% c, =0.52% ¢, =0.57% c, =0.54%
E \/— in 72 cells, in 80 cells, in 80 cells,
non-tilted tilted tilted
Space resolution o=1mm
tilted o, =155mm| o,=1.7mm
GJ,=1.4mrn o, =165 mm
non-tilted 0,=125mm | ¢ =145 mm
o,=145mm | o, =17 mm
Time resojution o=1ns o=0.6ns
Tab. 6.1: Results of the Analysis and the values required by the NA48 proposal.

The results of the analysis can be summarized by the following statements:

+ The

calorimeter

results for the energy and the space resolution of the liquid krypton

linear - FADCs
grouped in two or three different gain types were compared to the results of a
12 bit For the
FADC system with three different gains as used in November 1992 a similar result

prototype using a FADC system consisting of 8 bit

conventional peak sensing ADC system with linear resolution.

was reached, if the same showerbox was used®.

8The best result for the peak sensing ADC system in a showerbox of 11x11 cells and after the

_ o(E) 4.7% 50MeV |
correction of non-uniformity effects was = @ 0.2% S ————— [NA4B/93].
VE E{GeV]
02




For this analysis digital signal processing methods like auto correlation
functions (ACF) and the reconstruction with ideally bandpass limited digital
filters were used. These procedures avoided problems due to the asymmetry of
the pulse shape and provided a tool to suppress events with distorted pulse
shapes.

The space resolution was calculated from the center of gravity of the charge in
the calorimeter, which had to be corrected for effects due to the discrete cell
structure,

One important contribution to the energy and space resolution comes from the

non-uniform response of the calorimeter.

The time resolution of the calorimeter prototype is about 600 ps, independent of
the energy. This time resolution was achieved for the time at which half the
maximum amplitude is reached and is the weighted average of the times of a Dbox
of 3%3 cells around the center cell of the shower. To reach this result, cell-to-cell
corrections of about 25ns and pulse height dependent corrections of several
nanoseconds needed to be applied. The limitation of the time resolution is given

by non-uniformity effects.

The non-uniformities in the calorimeter arc caused by (1) miscalibrations
between different half-cells and between different motherboards, (2) the highty
non-uniform ionization in the longitudinal tower structure and (3) the
mechanism of charge collection.

A simulation of the charge collection of a non-uniformly distributed space
charge was carried out, which gave results which are in good agreement with
the effects observed in the test beam data,

The use of a longitudinal tower structure is imposed by the particular
requirements of the NA48 experiment. In a zig-zag shaped structure, as planned

for the final experiment, non-uniformity effects will be decreased.
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