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1 Introduction

In august 1999, may 2000 and august 2000 test beam periods took place in the H8 line of
the North Area to test the full size prototype module of the ATLAS liquid argon barrel
calorimeter. The preliminary analysis of the data taken has shown an apparent non
uniformity in the energy response along the � direction (see the presentations given at the
test beam meetings during the liquid argon weeks in 1999 and 2000). Various e�orts in
understanding this e�ect have been made since the �rst test beam. Summing boards and
motherboards were re-designed in order to reduce the inductances and crosstalks; special
runs in april 2000 were taken with the summing boards only loaded with known pure
capacitances (called toy calorimeter in what follows).

We will show in the work presented here that we are now able to predict the response
to an ionisation signal from the calibration one. As a consequence, the apparent non
uniformity is assed [1].

In Section 2, we reconstruct the various signals from samples collected at a 40 MHz
rate at the output of the analog electronics. The module, its cables and electronics
are described in Section 3 and analytic expressions of the calibration and physics pulse
shapes are obtained. The analytic expressions of the calibration signals are �tted to the
toy calorimeter data in Section 4. The �tted electrical parameters are used in the analytic
expression of the ionisation signal, but appears that this electrical model is not suÆcient
to understand the response of the calorimeter.

Indeed, we must emphasize the fact that the calibration and physics signals 
ow
through the same read out line. This statement has led us to elaborate an original method
called FFT method (Section 5) in which the physics pulse shapes are directly predicted
from calibration pulse shapes. The comparison of the predicted physics pulses with the
data shows better agreement. Optimal �ltering coeÆcients are then computed from pulses
reconstructed with this new method (Section 6) and a remarquable improvement on the
uniformity of the energy response in � is obtained as demonstrated in [1].

2 Reconstruction of waveforms

Since the 1999 test beam the calibration and physics pulse shapes have been studied. In
1999 and 2000, improvements have been made in the hardware of the prototype module
(electrodes, summing and mother boards), and also in the running of the test beam
allowing better quality data. Only data taken during the 2000 test beam periods are used
in the present study. The description of the module in terms of electrodes and cells can
be found in [2].

The �rst task of this work consists in extracting from the raw data the calibration and
physics pulse shapes for each channel of the calorimeter.

2.1 Calibration pulse shapes

The so called \delay runs" are calibration runs taken with a few �xed DAC values while
varying the values loaded in the delay chips of the calibration board [3] from 0 to 24 ns.
The read out signal is sampled with a time step of 25 ns, and seven samples have been
recorded in august 2000. This allows us to reconstruct a signal sampled with a time step
of 1 ns over a time interval of 175 ns.

Runs with DAC=7000 (resp. DAC=500) are selected to reconstuct the medium (resp.
high) gain pulse shapes. At DAC=0 the observed calibration pulse shape is not zero
(Fig. 1). This is due to several e�ects. First, the DAC voltage is not exactly 0 when
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the DAC register contains 0x0. Second, the command sent to the calibration board
causes a small signal called clock feedthrough and there is the so-called injected charge
signal (see [3] for details). To cancel this e�ect, the corresponding DAC=0 pulse shape is
substracted from each calibration pulse shape. The obtained pulses show discontinuities
every 25 ns. This can be studied by plotting the derivative of the signal (Fig. 2) and can
be explained by the behaviour of the delay chip on the calibration board. This chip should
shift the command signal by k ns when the value k is loaded in its register. The observed
discontinuities can be corrected assuming that the delay shift is not k but �k with � < 1.
The optimal value for � is found to be 0:99 � 0:01 (this value minimizes the amplitudes
of the second time derivatives). This e�ect has been cross-checked by measurements
performed on the calibration board test bench in LAPP (Annecy). Measuring the response
of the delay chip, � is found to be also smaller than 1. The e�ect of the property of the
delay chip on the pulse shapes is discussed later.

2.2 Physics pulse shapes

The physics pulse shapes are reconstructed using asynchronous runs at 250 GeV. The
arrival time of the particle in the beam is asynchronous with the 40 MHz clock which
determines the sampling times. This time di�erence is measured by a precision TDC [4]
with a step of �t = 50ps.

Runs used here (208945 to 209314) contain data where the electron beam hits the
cells with � number n� = 9; 10; 11 (see [2] for geometry description). These runs have
been taken in free gain mode (medium and high). The pulse shape for a given cell is
obtained by taking the pro�le histogram of the ADC distribution of a given gain versus
the time measured with the TDC : treco = 25 � isample � ttdc where ttdc 2 [0; 25] ns and
isample 2 f0; ::; 6g.
This allows to reconstruct pulses over a range of 175ns with a 1ns bin width.

Pulse shapes are a�ected by cross-talk, depending on the layer (the nature of the
cross-talk is di�erent for the strips, middle and back layers) and is non-uniform in a same
layer [5]. Figure 4 shows how the pulse is distorted by the cross-talk of a nearby cell. The
cross-talk is minimized by selecting events with a suÆcient amount of energy deposited in
the cell. This reduces the statistics, and hence increases the energy 
uctuations for each
bin. The cell with the maximum amount of energy deposited is chosen (for the presampler,
middle,and back layers), as well as those with greater than 40% of the maximum (for the
front layer).

As for the calibration delay curves the physics pulse shapes show discontinuities every
25 ns. The clock step of the TDC has been measured in the test beam setup using the 40
MHz clock as reference and was found to be compatible with 50 ps at a 1% level. A cut is
then performed on the ttdc distribution: two time boundaries are de�ned by the width at
half height of the TDC distribution (Fig. 3). Only events within the limits are considered
in the analysis.

During the august 2000 test beam period, we had enough statistics to make strong
cuts (about 60 000 events recorded for each cell of the middle layer). It might not be the
case for the next test beams (limited run period). More data are needed to understand
the cross-talk in physics in order to reconstruct physics pulse shapes with less statistics.

2.3 The toy calorimeter test

A series of tests has been preformed in H8 in may 2000, in order to understand and
validate the new summing board and mother boards, and also to track the origin of the
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non uniformity in �. A schematic view of these tests is shown in �gure 5. It consists
in replacing the calorimeter itself by precision capacitances at the level of the summing
boards. Pure capacitances of 1.36 nF have been soldered to a summing board. The
mother boards are pulsed and read out by the same cables and electronics as the module
in a usual test beam period. The inductance of the boards is estimated to be '20 nH. An
ionisation signal is simulated by direct injection of a calibration pulse through a 500 k

resistance on the summing board, where the signal is usually collected from the electrode.
One of the interests of this test for the pulse shape study is to provide \physics" pulse
shapes caused by a known signal and without bias due to energy 
uctuations. They are
used later to understand the shapes obtained from the electrical model described below.

3 Electrical model of the system

The calorimeter can be considered as a passive electrical object connected to read out
electronics. This system receives signals, either calibration pulses from the calibration
board or electrical pulses caused by the ionization of the showers. In this section the
system is modelled, starting from a basic description and progressively introducing various
sophistications.

In particular, in the basic model, the read out coaxial cables are considered as perfect
(without distortion and re
ection). However, the analysis of the pulses clearly shows
re
ections. The shapes for signal and calibration will be modi�ed in order to take into
account these re
ections.

3.1 Basic description

The electrical model for one channel is shown in �gure 6. The detector cell is represented
as a capacitance of value Cd. The cell is read out by a cable connected to the mother
board. Between the cell and the connector, the circuit has an impedance Ld. We assume
for the time being that the coaxial cable is perfect (no distortion and no re
ection), that
the preampli�er is linear with an input impedance Rpa, and that the shaper has a transfer
function

Hsh(s) =
s�s

(1 + s�s)3
(1)

where �s is the shaping time (CR�RC2 shaper [6]).
The signal caused by ionization in the detector is equivalent to a triangular current

source at the input of the capacitor

Iphy(t) = I0phy Y (t)Y (�d � t)(1 � t=�d) (2)

where Y is the Heavyside function. The drift time �d in a 2mm gap under a voltage of
2000V is close to 400 ns. Its Laplace transform is

L[Iphy](s) = I0phy

�
1

s
�
1� e�s�d

�ds2

�
(3)

The output signal in the frequency domain can be written as

L[Uphy](s) = L[Iphy](s) H
phy
det (s) Hsh(s) (4)

where

Hphy
det (s) =

!2

s2 + !2�s+ !2
(5)
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with ! = 1
LdCd

and � = RpaCd.
A calibration pulse is injected using the calibration board (Fig. 6). We assume for

the time being that this calibration pulse is an exponentially decreasing signal with a
characteristic decay time �exp. In this case, the output signal in the frequency domain
can be written as

L[Ucal](s) = L[Ical](s) H
cal
det(s) Hsh(s) (6)

where

Hcal
det(s) =

s2 + !2

s2 + !2�s+ !2
(7)

Using MATHEMATICA [7], analytical expressions for the signals Uphy(t) and Ucal(t)
are obtained. These functions are drawn in �gure 7 with the parameters Cd = 1:5nF,
Ld = 20nH, �s = 15ns, td = 400ns and �exp = 365ns. The di�erence between the two
curves is mainly due to the presence of the inductance Ld causing a shoulder at the start
of the calibration signal.

3.2 More realistic calibration signal

The exponentially decreasing calibration pulse Ical(t) is in practice produced by a pulser
circuit generating a fast commutation (step function) 
owing into an L0R0 circuit (Fig. 8a).
The pulser circuit is equivalent to a current source with

ipulser(t) = I0cal(1� Y (t)) (8)

In a more realistic approach, two e�ects appear to make this view a little more complex
(Fig. 8b).

First, the inductor has a small resistance r0 of about 3
. The corresponding decay
time is �exp =

2L0

R0+2r0
. With R0 = 50
 and f = 2r0

R0+2r0
' 5% the current produced by

the calibration board terminated by a 50
 impedance is now

Ical(t) = fI0calY (t) + (1� f)I0calY (t)e
�t=�exp (9)

Second, the current ipulser(t) is not a pure step function but has a small decay time of
about 1ns. This is small enough to approximate this additional e�ect by a Dirac function
and ipulser(t) becomes

ipulser(t) = I0cal(1� Y (t) + �Æ(t)) (10)

Studies of the output signal show that, even with � = 0, the shape shows a component
corresponding to the the Æ(t) term [8]. �Æ(t) is proportional to the decay time described
above. It is therefore replaced by an e�ective �Æ(t) term summarizing all e�ects which
give a derivative signal. The response to a calibration pulse can �nally be written as

Ucal(t) = (1� f)I0calY (t)e
�t=�exp � L�1[Hdet] � L

�1[Hsh]

+ fI0calY (t) � L
�1[Hdet] � L

�1[Hsh]

+ �L�1[Hsh](t) (11)

Equation 11 is written on three lines corresponding to:

� the main exponentially decreasing curve

� the e�ect due to the resistance r0

� the e�ect of the �nite decay time of the pulser, plus additional e�ects summarized
in the factor �. In the following studies � is determined in a �tting procedure.

Using MATHEMATICA, an analytical expression of the calibration pulse seen at the
shaper output is obtained. The breakdown of the various components is shown in �gure 9.
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3.3 Re
ections

The transmission line is composed of cold cables, feedthroughs and warm cables (Fig. 10).
Here, we model the signal and calibration cold cables as pure resistive lines of impedance
Rcal and Rsig and of lengths varying with � [9].

3.3.1 Re
ections in the read out line

The transmission line as described in �gure 11 is a series of successive quadrupole-like
elements. The output signal can be written as a function of the input:

L[U ](s) = L[U0](s)
1 +

Pn�1
i=0

Pn
j=i+1 �i�j

1 +
Pn�1

i=0

Pn
j=i+1 �i�je

�s(�j��i)
(12)

The quantity U0(t) is the output signal without re
ections (denoted here by the 0),
e.g. Uphy(t) for physics from (4), or Ucal(t) for calibration from (6). The quantity �i is the
re
ection coeÆcient between the ith and (i + 1)th element (of impedances Zi and Zi+1),
�i is the signal propagation time between the detector and the ith element. The time �i
is related to the length of the element i through the relation li = �i=vcable where vcable is
the signal velocity in the cable. The values used for each elements are given in Table 1.

Element N0 Z (
) �i �i (ns)
Preampli�er 0 25. 0.

0.5
Baseplane 1 75. 0.2

-0.4
Warm cable 2 33. 2.

0.2
Warm FT 3 50. 2.4

-0.2
Vacuum cable 4 33. 4.2

0.2
Cold FT 5 50. 4.6

-0.33
Signal cable 6 25. 4.6+Lcable=vcable

�n
Detector n Zdet

Table 1: Characteristics of the successive elements of the read out line (see details in [9, 10])

.

The second order development in � (less than three re
ections) gives :

U(t) = U0(t) +A(t) +B(t); with (13)

A(t) = U0(t)

n�2X
i=0

n�1X
j=i+1

�i�j �

n�2X
i=0

n�1X
j=i+1

�i�jU
0 (t� (�j � �i)) (14)

B(t) =
n�1X
i=0

�iV (t) +
n�1X
i=0

�iV (t� (�n � �i)) (15)
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where V (t) = �nU
0(t) is the signal re
ected on the detector, between the element n and

the inductance Ld in �gure 11.
An analytical expression can be obtained using MATHEMATICA and the results are

shown in �gure 12. The �rst term of (13), U0(t), represents the direct signal without
re
ections. The term A(t) contains the components with one re
ection on the pream-
pli�er followed by a re
ection in an element of the chain. The term B(t) represents the
components with one re
ection on an element of the chain followed by a re
ection on the
detector.

3.3.2 Re
ections in the calibration line

A similar study is performed for re
ections in the calibration line. As shown in �gure 13
this contribution is small. Therefore it is neglected in further studies.

Finally, the function used in our study for the calibration signal is written :

Ucal(t) = U(t) + �L�1[Hsh](t) (16)

where U(t) is the output signal with re
ections as described in (13). U(t) is computed
from a signal without re
ection U0(t) where the current for the pulser is taken from (11)
with � = 0.

3.3.3 Case of ionisation signals

The same study is performed for the physics waveforms. The di�erent contributions for
the signal are represented in �gure 14.

4 Comparisons with toy calorimeter data

4.1 Description of the model

The goal of our work is to understand the shape of the pulses and to determine a relation
between the calibration and the physics waveforms. In this section the data taken with
the toy calorimeter (Sect. 2.3) are compared with the model with re
ections. For these
data, the physics pulse is faked by a calibration pulse which is in principle well known.

The analytical descriptions of the predicted waveforms with re
ections given above
have a lot of parameters (Tab. 2). All of these cannot be �tted at the same time for
technical reasons: �rst, the �t is not stable enough and second, many parameters in
the �t tend to �nd a minimum where they have no physical meaning, as they try to
compensate e�ects which are not included in the model.

The inductances have not been mesured for the whole calorimeter, so they are free
parameters. Even if the capacitances are known, the distortion due to skin e�ects tends
to increase their values, so they are �tted.

For the re
ections all the parameters are measured (lengths and impedances which
determine the re
ections coeÆcients �). But the tolerance on the signal cables attenuation
is about �10%. The �t with �xed values of the � quantities gives very bad results. For
the �t to converge two additional parameters R1 and R2 are added and the signal is now
given by

U(t) = U0(t)�R1A(t) +R2B(t) + �L�1[Hsh](t) (17)
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Parameter name Default value Status in the �t

Shaping time �s 15.2 ns �xed
Calibration time �exp 365 ns �xed
Detector capacitance Cd

Drift time �d 400 ns �xed
Calibration step f ' 5% �xed
Detector+Mother-board inductance Ld

Preamp impedance Rpa 50
 or 25
 �xed
Injection resistance Rinj �xed
Re
ections Amplitude R1; R2

Cable lengths �xed
Signal velocity vcable (1=6:1)m ns�1 �xed
\Dirac" term �

Table 2: List of the parameters used in the function to be �tted on data, with their status in the �t (�xed or
free).

4.2 Results of the �t

First, a �t is performed on the calibration pulse shapes. The result of the �t for several
channels can be found in �gure 15.

The residuals are de�ned as the di�erence between �t and data divided by the maximal
amplitude of the data shape. Residuals for calibration are found to be about 0.3% at the
maximum of the pulse height and 1% at most. This is larger than expected from the
requirements on the electronic calibration.

The re
ection terms found in the �t (Fig. 16) are found to be larger than the expected
values (R1 = �1 and R2 = 1), especially R1. This can be explained by the fact that
the impedances of the read out lines are not well known. It is then not satisfactory to
try to �t them by global coeÆcients R1 and R2. All the cells which are studied show
the same pattern for the residual shape. So we conclude that there are electrical e�ects
which are not taken into account in this model and we would need an even more complex
description.

The values of the capacitances found in the �t are larger than expected (Fig. 17).
This is most probably due to the skin e�ect in the cables which slows down the pulses
and forces the �t to �nd larger capacitance values. An asymmetry between the two half
connectors is seen in the inductance values.

We then use the electrical parameters which have been extracted from the previous
�t to predict the physics waveform expression (Fig. 18). This gives residuals which are
found to be of the level of 4%. The residuals still show the same pattern for all cells, as
for the �t to the calibration pulses

In this study the value for the signal velocity in the cables has been �xed to vcable =
(1=6:1)m ns�1. It has to be noted that the toy calorimeter data have been taken at
room temperature. The signal velocity measured at the `Ar temperature was found to
be vcable = (1=5:6)m ns�1. However in the �ts with re
ections, the results are not good
enough to be really sensitive to the signal velocity.
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4.3 Conclusion

In this section, we tried to understand the calibration and physics pulse shapes using
a sophisticated electrical model including several e�ects on the calibration board and
multiple re
ections on the read out line. It was shown that the read out chain is a
complex system and needs many parameters for a complete description. In particular the
impedances play a crucial role in the shapes of the pulses. The �t to calibration pulses and
the prediction of the physics pulse gives results to within 4% partly due to this e�ect. As
all the parameters characterizing the system are diÆcult to evaluate, this method doesn't
seem to be appropriate to provide a suÆciently eÆcient electronic calibration. Therefore,
it cannot be used for energy reconstruction.

5 Physics pulse prediction with the FFT method

5.1 The FFT method

In the previous modelling of the electrical circuit for one channel, it has been shown that
it is important to understand correctly the read out cable and the read out electronics
(cables, feedthrough, preampli�er and shaper), while calibration line can be ignored.

The assumption made hereafter consists in saying that the read out cable and electron-
ics can be considered as a quadrupole with an unknown transfer function Hro(s) in the
frequency domain. Coming back to the basic description given in Sect. 3.1 the formulae
for calibration and physics can now be written in the frequency domain as

L[Ucal](s) = L[Ical](s) H
cal
det(s) Hro(s) (18)

L[Uphy](s) = L[Iphy](s) H
phy
det (s) Hro(s) (19)

Taking the ratio to eliminate the unknown Hro(s) function gives

L[Uphy](s) =
L[Iphy](s)

L[Ical](s)

!2

s2 + !2
L[Ucal](s) (20)

Here, we have assumed that the detector is well modelled by (5) and (7), that the cali-
bration pulse Ucal(t) is known from the data, and Iphy(t) and Ical(t) are well modelled by
(2) and (11). Physics pulses Uphy(t) can then be predicted. However, as Ucal(t) is given
by a numerical pulse, Uphy(t) can not be computed through an analytical function, but
only numerically. Therefore, as FT [g](f) = L[g](if), one has

FT [Uphy](f) = G(f)FT [Ucal](f) with G(f) =
FT [Iphy](f)

FT [Ical](f)

!2

!2 � f2
(21)

In practice the calibration pulse is known as a set of 175 samples spaced by 1ns. Assuming
the starting time tcal0 is known, 128 samples are selected corresponding to the values
Ucal(k�t+ tcal0 ), k 2 f0; 127g and �t = 1ns. Then FT [Ucal](k�t+ tcal0 ) is computed using
an FFT algorithm; its module and argument are shown in �gure 19a.

The function G(f) is the product of two terms described by the following e�ects: �rst,

the calibration current is not injected at the same point as the physics current ( !2

!2�f2 );
second, the physics and calibration injected currents don't have the same time dependence

(
FT [Iphy](f)
FT [Ical](f)

). The module and the argument of G(f) are shown in �gure 19b. The product

of these two functions gives the Fourier transform of the predicted waveform (Fig. 19c).
This waveform depends only on the two parameters !2 and tcal0 .
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5.2 Results with the \toy calorimeter" data

The FFT method is applied to the toy calorimeter data. The results are shown in �gure 20
and can be compared to those of the re
ection model (Fig. 18). The residuals are smaller
than those in section 4 while using only one parameter. In particular the main part of
the pulse (except the tail) is reproduced much better than with the re
ection model.

5.3 Results with the test beam data

In this section, we give the results with august 2000 test beam data. Pulse shapes are
reconstructed as explained in section 2.2. The �t is performed by minimizing a �2 which
takes into account of the strong correlation between the samples for each ttdc value. As-
sume the Ns (Ns = 7) sample values are given as

yi = Eafi + bi (22)

where Ea is the average energy for the TDC value ttdc 2 [a; a + 1], or, with a vectorial
notation

y = Eaf + b (23)

From now on the dependence of y and f on a is not written explicitely.
One has fi = Uphy(25 � i � a + tphy0 ) and bi is the noise. The starting times for the

predicted physics curve Uphy(t) and for the physics curve measured at the test beam have
no reason to be the same. This is due to the presence of time o�sets in the test beam
system and also to the propagation time in the cables (see later). Therefore, we introduce

the time o�set tphy0 .
The parameters to estimate are the 25 Ea values and the parameters determining the

shape of Uphy(t). The following �
2 is minimized:

�2 =

25X
a=1

(y �Eaf)
tB�1(y �Eaf) (24)

where B is the noise autocorrelation matrix. The dependence of the �2 on the parameters
Ea can be eliminated by minimizing the �2 with respect to these parameters. This is
exactly was is done in the optimal �ltering method and it is easy to show that for any a:

Ea =
ytB�1f

f tB�1f
(25)

The �2 then becomes

�2 =

25X
a=1

�
ytB�1y �

(ytB�1f)2

f tB�1f

�
(26)

It is assumed that there is no noise autocorrelation, which seems reasonnable at the level
of precision the �ts are made. Finally the �2 is given by

�2 =
25X
a=1

�
y2 �

(f ty)2

f2

�
(27)

At the level of the data acquisition, the pulses are recorded with Ns = 7 samples. The
ionisation signal Uphy(t) is predicted on the interval [0,128 ns]. Then the �2 is computed
with only 125 samples.

The �2 depends on three parameters :
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� !2 = 1
LdCd

� the starting time of the calibration signal tcal0

� the starting time of the ionisation signal tphy0

We perform the �t for the core region (i.e. equipped with good electrodes [2]). The
following comments can be made:

� The residuals of the �ts are shown for some chosen cells of the presampler, front,
middle and back layers in �gures 21,22,23 and 24 respectively.

� The residuals are now smaller than 2%. In addition the FFT method has only one
electrical parameter to be �tted (!2) whereas the model with re
ections has many
parameters.

� The parameter LdCd is �tted. Capacitance values Cd have on the other hand been
directly measured on the module or estimated by electrical simulation of the detector.
The inferred values of Ld can be seen in �gure 25 as a function of � for three lines in
�. One can see that these values follow a pattern every 8 middle cells corresponding
to the motherboard periodicity and following also the pattern of non-uniformity in
� observed in [1]. For the line n� = 10 the inductances have been measured (for the
regions � 2 [0; 0:2] and � 2 [0:8; 0:9]) on the module by a resonance method [11] or
simulated elsewhere. One can see in �gure 25 that there is good agreement between
the �tted and the measured or simulated inductance values. It is now believed that
there is an asymmetrical ground return on a back summing board associated with
a variation of the inductance. This observation (which has led to the modi�cation
of the electrodes) is in good agreement with our model. In conclusion there is good
hope that the description of the pulse can be made in the future using the measured
values for Ld and Cd.

� Some e�ects can be observed in this FFT method: the predicted physics shape
is strongly a�ected by a boundary e�ect, that is the choice of the tcal0 parameter.
Although the �t can determine this quantity, the determination is not very precise.
In particular a trough at the begining of the pulse (Fig. 21,22,23) can be seen. The
origin of this phenomenom is not understood yet and could be due to the FFT
algorithm and the choice of the time window. More work is needed to investigate
this e�ect.

� On the back layer (Fig. 24) the shape of the physics pulse is found to be distorted
and it has been shown that this is due to cross-talk. Our model doesn't take this
e�ect into account yet.

� The value of tcal0 can in principle be predicted if the various time o�sets of the test
beam system are perfectly known. This predicted value T cal

0 is given by:

T cal
0 = A+ Tcal + Tsig � T pdg

cal (28)

Tsig (resp. Tcal) are the propagation times in the read out (resp. calibration) ca-

bles. The signal velocity is taken to be vcable = (1=5:6)m ns�1. The value T pdg
cal is

an ajustable time delay (by steps of 50ps) which can be programmed in the TTC
system [12]. For calibration pulses, this quantity is chosen such that for each FEB,
the fourth sample is, on average, at the maximum of the signal. In the previous
equation, A is a constant global to the system. It is shown in �gure 26 that tcal0

and T cal
0 agree as a function of � with an accuracy of 2 ns, except for the back layer

where the signals are distorted by cross-talk. In the middle layer, even if the steps
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in time predicted between the FEBs is well reproduced on average, a slope in each
FEB causing a variation of 4ns amplitude is not yet understood.

� Similarly the predicted time for the ionisation signal can be written as

T phy
0 = B + TOF + Tsig � T pdg

phy (29)

TOF is the time of 
ight of the particle in test beam set-up. The length of 
ight is
given by

LOF = Cst + 1470ch(�) � 954
1

ch(�)
� 1162th(�) [mm] (30)

It is derived from the movement of the cryostat table with respect to the beam line.
TOF is then given by LOF=c. B is a global parameter. It can be seen in �gure 27

that tphy0 and T phy
0 agree with an accuracy of 2 ns in the middle and the front layers.

The end of the module (large �) is not so well understood.

� Even if the level of prediction for the physics shapes seem to be statisfactory, some
behaviour remains, like discontinuities every 25ns as shown in �gure 28, a�ecting
the time determination with the optimal �ltering method [1]. This is partly though
to be due to the method but this makes us believe that some work is needed to
undestand the timings for calibration and physics in the test beam setup.

6 Absolute electrical calibration

The energy deposited in a cell is related to the amplitude at the maximum of the response
ADCmax by

E =
1

Io=E
� �ADCmax (31)

The absolute electrical calibration factor � (�A per ADC count) for an ionization signal
can be expressed as

� = r �
V0

(217 � 1)�Rinj(
)
�

Mphy

Mcal
(32)

where :

� I0=E (�A/GeV) is the conversion factor from deposited energy to current [15].

� r = DAC count/ADC count, is the factor determined with ramp runs [16]. It is the
response in ADC counts to a calibration signal of 1 DAC count.

� The second term (in �A per DAC count) represents the injected current through
an injection resistance Rinj for a DAC value equal to 1. The range of the signal
generated by the calibration board is between 0 and V0=5V and is divided in 217

DAC counts.

�
Mphy

Mcal is a the ratio of the amplitude at maximum of a calibration over an ionization
signal (Fig. 29). It is calculated by setting in (21) the same amplitude for the currents
Iphy and Ical, i.e. I0phy in (2) equal to I0cal in (11). Figure 30 represents this ratio
versus � for the middle layer computed with august 2000 data. The deviation from
1 is a 5% e�ect. The cell to cell variation is �2%. Not taking into account this cell
to cell variation would induce a �2% non uniformity. Comparison of �gure 30 and
25 shows that this correction factor is closely linked to the inductance of the cell.

The value of ADCmax is computed with the optimal �ltering method [13, 14] by using
the predicted physics shapes.
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7 Conclusion and perspectives

This note reports a study of the calibration and physics pulse shapes recorded with the pro-
totype module calorimeter at the H8 test beam in 2000. In a �rst attempt, we have taken
into account the main e�ects (especially re
ections) for the toy calorimeter by introducing
many parameters. The agreement between the predicted calibration signals and data is
better than 1%. However, the �tted parameters do not compare well measured/estimated
one and the agreement for the ionisation signals is much worse (� 4%). We conclude that
the complete electrical system would need a much more elaborate description.

Therefore, we have developped the FFT method which provides a better than 2%
agreement for the physics pulses with only 2 free parameters. In addition, the absolute
amplitude of the physics pulses are also predicted in �A=ADC allowing an absolute elec-
trical calibration of the detector. Con�dent in this description, optimal �ltering weights
have been computed and oÆcially included in the EMTB software for further test beam
analyses. In particular the � uniformity using these new coeÆcients is now below the
0.8% level [1].

A good level of description is now reached, but there is still room for improvements:

� The FFT method, using an FFT algorithm, is very sensitive to the window choice.

� The predicted timing for the physics and the calibration signal is not better than 1-
2ns. A better understanding of the TTC system and the calibration board is clearly
needed as well as an improved determination of the particle time of arrival (with a
more precise photomultiplier system).

� The crosstalk is overlooked in this study. At the level of precision we have reached,
it plays an important role. In particular the structural crosstalk between the strips
might need a special treatment for the optimal �ltering coeÆcient computation. The
crosstalk involving the back layer also needs a special care.

� Some approximations are done in the description of the electrical model e.g. various
calibration line imperfections are not considered [17].
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Figure 4: Physics pulse shapes in a cell (n� = 13; n� = 10) of the middle layer. The shape with circles
corresponds to events with the core of the shower in the cell (selected with the strips). The shape with triangles
corresponds to events with the core of the shower located in a neighbour cell. The shape with squares corresponds
to all events.
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a signal, either through the usual calibration low pro�le, or directly on the detector capacitance Cd.
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Figure 6: Basic electrical model for one channel showing where electrical signals are input.
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Figure 7: The physics (solid) output signal Uphy(t) and calibration (dashed) signal Ucal(t) corresponding to the
circuit in �gure 6. The parameters used are: Cd = 1:5nF, Ld = 20nH, �s = 15ns, �d = 400ns and �exp = 365ns.
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ection terms in the read out line for the calibration waveform.
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ection U0(t), the dashed line is the A(t) component (�10), the
dashed-dotted line is the B(t) component (�10). The bold line is the sum of all components (U(t)).
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Figure 13: Re
ection term in the injection line for the calibration waveform. The thin solid line is the
calibration waveform without re
ection (hidden by the bold line), the dashed line is the re
ection component
(�10). The bold solid line is the sum of all components.
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Figure 15: Fit of the model with re
ections on eight calibration pulse shapes from the line n� = 9 of
the toy calorimeter. Each graph shows the data superimposed with the �t (not visible) and the residuals
((data� fit)=maxpulse) multiplied by 10.

21



nb
η

32
33

34
35

36
37

38
39

40

Amplitude

-7 -6 -5 -4 -3 -2 -1 0 1

nb
η

R
1 vs 

nb
η

32
33

34
35

36
37

38
39

40

Amplitude

0

0.2

0.4

0.6

0.8 1

1.2

1.4

1.6

1.8 2

nb
η

R
2 vs 

nb
η

32
33

34
35

36
37

38
39

40

Amplitude

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005 0

0.005

0.01

nb
η

 vs 
α

F
igu

re
16:

F
itted

va
lu
es

fo
r
th
e
tw
o
re


ectio
n
p
a
ra
m
eters

a
n
d
th
e
D
ira

c
term

fo
r
va
rio

u
s
�
cells.

nb
η

32
33

34
35

36
37

38
39

40

Capacitance (nF)

1.65

1.7

1.75

1.8

1.85

1.9

nb
η

32
33

34
35

36
37

38
39

40

Inductance (nH)

8 10 12 14 16 18 20

F
igu

re
17:

F
itted

va
lu
es

fo
r
ca
p
a
cita

n
ces

a
n
d
in
d
u
cta

n
ces

fo
r
va
rio

u
s
�
cells.

T
h
e
�
t
is
p
erfo

rm
ed

o
n
th
e
test

b
ea
m

toy
ca
lo
rim

eter
d
a
ta

w
ith

th
e
m
o
d
el
d
escrib

in
g
th
e
re


ectio
n
s.

22



time (ns)0 20 40 60 80 100 120 140 160

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=32nbη

time (ns)0 20 40 60 80 100 120 140 160

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=33nbη

time (ns)0 20 40 60 80 100 120 140 160

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=34nbη

time (ns)0 20 40 60 80 100 120 140 160

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=35nbη

time (ns)
0 20 40 60 80 100 120 140 160

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=36nbη

time (ns)
0 20 40 60 80 100 120 140 160

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=37nbη

time (ns)0 20 40 60 80 100 120 140 160

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=38nbη

time (ns)0 20 40 60 80 100 120 140 160

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

=39nbη

Figure 18: Fit with the electrical model with re
ections on eight physics pulse shapes from the line n� = 9 of
the toy calorimeter. Each plot shows the data (solid line) superimposed with the �t (dot-dashed lines) and the
residuals ((data � fit)=maxpulse as a dotted line) multiplied by 10. In each �t the parameters are taken from
the �t on the corresponding calibration pulse; only the time and the amplitude are �tted.
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Figure 19: The Fourier transform of the calibration signal (a1) and a2)). The function G(f) (b1) and b2)).
The Fourier transform of the predicted physics waveform (c1) and c2)).
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Figure 20: Fit of the FFT model on eight physics pulse shapes from the line n� = 9 of the toy calorimeter. Each
plot shows the data (points) superimposed with the �t (dot-dashed lines) and the residuals ((data�fit)=maxpulse
as a dotted line) multiplied by 10.
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Figure 21: Fit results for presampler cells with the FFT method. Each plot shows the data (crosses) super-
imposed with the �t (thin line) and the residuals (�10).
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Figure 22: Fit results for the front sampling cells with the FFT method. Each plot shows the data (crosses)
superimposed with the �t (thin line) and the residuals (�10).
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Figure 23: Fit results for the middle sampling cells with the FFT method. Each plot shows the data (crosses)
superimposed with the �t (thin line) and the residuals (�10).
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Figure 24: Fit results for the back sampling cells with the FFT method. Each plot shows the data (crosses)
superimposed with the �t (thin line) and the residuals.
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Figure 25: Predicted inductances (black rectangles) versus � for the middle layer cells and for three lines in �.
Open triangles for n� = 10 represent the measured inductances (for the regions �nb 2 [0; 8] and �nb 2 [32; 36])
and simulation values elsewhere.

28



nb
η

0
10

20
30

40
50

time (ns)18 19 20 21 22 23 24 25 26 27 28

P
R

E
S

A
M

P
LE

R

nb
η

0
50

100
150

200
250

300
350

400

time (ns)17 18 19 20 21 22 23 24 25 26 27

F
R

O
N

T

nb
η

0
10

20
30

40
50

time (ns)10 12 14 16 18 20 22
M

ID
D

LE

nb
η

0
5

10
15

20
25

time (ns)18 20 22 24 26 28 30 32

B
A

C
K

F
igu

re
26:

t
c
a
l

0
(so

lid
lin

e)
a
n
d
T
c
a
l

0
(d
o
tted

d
a
sh
ed

lin
e)

a
s
a
fu
n
ctio

n
o
f
�
fo
r
th
e
fo
u
r
lay

ers.

29



nb
η

0
10

20
30

40
50

time (ns)30 31 32 33 34 35 36 37 38 39 40

P
R

E
S

A
M

P
LE

R

nb
η

0
50

100
150

200
250

300
350

400

time (ns)30 31 32 33 34 35 36 37 38 39

F
R

O
N

T

nb
η

0
10

20
30

40
50

time (ns)22 24 26 28 30 32 34 36

M
ID

D
LE

nb
η

0
5

10
15

20
25

time (ns)25 30 35 40 45

B
A

C
K

F
igu

re
27:

t
p
h
y

0
(so

lid
lin

e)
a
n
d
T
p
h
y

0
(d
o
tted

d
a
sh
ed

lin
e)

a
s
a
fu
n
ctio

n
o
f
�
fo
r
th
e
fo
u
r
lay

ers.
t
p
h
y
s

0
v
s
�
fo
r

ea
ch

lay
er.

30



t [ns]
0

20
40

60
80

100
120

140
160

ds/dt-0.02

-0.01 0

0.01

0.02

0.03

P
hysics

P
hysics

F
igu

re
28:

T
h
e
tim

e
d
eriva

tiv
e
o
f
a
p
red

icted
p
h
y
sics

p
u
lse

U
p
h
y (t),

sh
ow

in
g
clea

r
d
isco

n
tin

u
ities

ev
ery

2
5
n
s.

M
p

h
y

5
0

1
0
0

1
5
0

2
0
0

-
0
.
0
2
5

0
.
0
2
5

0
.
0
5

0
.
0
7
5

0
.
1

0
.
1
2
5

0
.
1
5

M
cal

M
p

h
y

Io

A
D

C

M
cal

F
igu

re
29:

R
esp

o
n
se

o
f
th
e
ca
lo
rim

eter
to

th
e
a
n
io
n
iza

tio
n
(fu

ll
lin

e)
o
r
a
ca
lib

ra
tio

n
sig

n
a
l
(d
o
tted

lin
e)

fo
r

th
e
sa
m
e
in
jected

cu
rren

ts.
T
h
e
ra
tio

o
f
th
e
a
m
p
litu

d
es

rep
resen

ts
th
e
co
rrectio

n
fa
cto

r
to

th
e
E
M
T
B

g
a
in
s

o
b
ta
in
ed

w
ith

th
e
ca
lib

ra
tio

n
ra
m
p
s.

31



nbη0 10 20 30 40 50

ca
l

M
ph

y
M

1

1.02

1.04

1.06

1.08

1.1
=10nbφ

Figure 30: Ratio Mphy=Mcal for the same injected charge versus � in the middle layer with the august 2000
test beam data.
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