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Abstract

The first beam-test results for two- and three-bundle shashlik tower prototypes are described. We found that the spatial
resolution, the uniformity of energy response, the calorimeter reliability and hermeticity and also two showers separation are

improved in multi-bundle design approach.

1. Introduction

The “‘shashlik’’ calorimeter, is a lead—scintillator sand-
wich sampling calorimeter readout by Wave Length Shifter
(WLS) fibres. It is the baseline option for the electromag-
netic calorimeter for the CMS experiment at LHC [1,2].
Under development for the last 10 years [3] this type of
calorimeter should satisfy the main requirements for LHC
experiments: high rate capability, compactness, rather good
energy and spatial resolution, etc. [2,4]. The main advan-
tage of such calorimeter type is the much lower cost in
comparison with a homogenous (total absorption)
calorimeter. The cost is essentially defined by high preci-
sion machining of lead and scintillator tiles, which is
necessary for high hermeticity and uniformity. Hence the
total cost of such a calorimeter depends mostly on the
number of towers and much less on its volume. On the
other side, the calorimeter cell size should be small enough
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to provide the required spatial resolution and low pileup
noise. As a compromise, the following variant of a multi-
bundle tower design is proposed and has been tested.

2. Multi-bundle tower design

Among the “‘shashlik’’ prototype projective towers [6]
tested at CERN in 1993 two towers were manufactured as
shown in Fig. 1. The fibres, collected in bunches, share the
light signal from calorimeter tiles, leading to two (tower
16) and three (tower 15) readout cells in one single tower.
The separation of fibres is done in one direction. A more
precise coordinate measurement in pseudorapidity is re-
quired for the CMS experiment. Since all the fibres in one
tower capture light from the same scintillator tiles, a point
light source will give rise to a signal in all channels. This
may be considered as a cross talk between readout chan-
nels. However, its value depends on the light source
position so it can be used for coordinate measurements as
it was shown in Ref. [S]. A drawback may be the increased
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Fig. 1. The multi-bundle *‘shashlik’” towers design. (a) Tower 16,
(b) front view, (c) Tower 15.

pileup noise. More simulation studies are still necessary to
define the final dimension of towers for LHC experimental
conditions.

The present towers were of projective pointing geome-
try with square cross section. The dimension of the front
face of the towers was 52.5 mm and the rear face size was
about 64 mm. The fibres used had a diameter of 1.2 mm.
They run parallel to each other and to the tower axis and
are placed in a 6 X 6 matrix with distance between fibres
of 9.5 mm. Tower 15 (three bundles) was equipped with
Y-7 type of fibres. Tower 16 has K-27 fibres. It was found
that Cherenkov and /or direct scintillation light is larger in
Y-7 fibres than in the K27 ones.

3. Experimental setup

The program of test measurements was performed in
the SPS-H2 test beam at CERN. It consisted of a coordi-
nate scan with 40 GeV electrons beam in the horizontal
plane at the middle of the tower. The tower to be tested,

@ - tower 1
{ - muiti-bundie tower

@ -tower2

Fig. 2. Experimental setup. Horizontal coordinate scan at tower
median with 40 GeV electrons.

marked by ““t’’ in Fig. 2 was located between two towers.
The tower axis was parallel to the beam. The scan was
performed with a 20 X 20 mm? beam spot size. Data for
the central tower were taken at 7 points with a step of 10.5
mm between points. The number of events taken for each
beam position was about 5000. Beam particle coordinate
was measured by two delay line wire chamber with an
accuracy of 300 pm.

4. Tower readout

To detect the light from WLS fibres, Hamamatsu-3590-
05 Si-photodiodes equipped with low noise hybrid pream-
plifiers [7] were used. The photodiode sensitive area was
9 X 9 mm?, providing a capacitance of 25-30 pF at the
input of amplifier. The depletion thickness of the diodes
was 500 pm. The cross section of fibres bundles corre-
sponds to 30% of the photodiode area in the case of two
bundles and 20% for three bundles. To compensate for the
exira electronics noise a long shaping (7pc_ g = 35-40
ns) was used. The noise was determined from rms of the
pedestals and was found to be 139 MeV, 127 MeV, 127
MeV for the left, central and right readout channel respec-
tively for tower 15. For tower 16, a noise of 178 MeV and
172 MeV was measured for the left and the right channels
respectively. If the appropriate size photodiode had been
used, the noise would be reduced at the level of 80 MeV
per channel for a shaping of 30 ns duration at the baseline
[7,8], which fits the LHC requirements and would improve
the calorimeter performance.

5. Experimental data and analysis
5.1. Channels inter-calibration

The average responses of multi-bundle tower channels
are shown in Fig. 3 for a transversal scan of the tower with
a 40 GeV clectron beam. In the case of the two bundles
tower, calibration requires that the integral response of
each channel over the tower transversal coordinate are
equal. After each channel inter-calibration the tower is
calibrated as the whole.

For the three bundles tower the left and the right
channels are inter-calibrated by the same method. For the
central channel response, it can be tuned to minimize the
lateral nonuniformity of the tower.

We found that the energy resolution at the tower center
is practically independent on the choice of calibration
coefficient for the central channel. The dependence of
energy resolution for an area of 7 X 7 mm? around the
center of the tower on the calibration coefficient of central
channel is shown on Fig. 4. The unity value of the central
channel calibration coefficient corresponds to the optimal
lateral uniformity of the total energy response.
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The total response after calibration is also shown in
Fig. 4, A good uniformity of the response is achieved.

5.2. Shower spatial resolution

The electromagnetic shower coordinate in a calorimeter
can be determined from the center of gravity of the
response of adjacent towers. In general the amplitude of
the response of each calorimeter tower should be fitted to
the shower shape. The cross talk between readout channels
in the case of a multi-bundle tower leads to a distortion of
the shower shape. This makes the analysis of spatial
resolution more complicated than for a towers with a

Average responses,pC

Average responses,pC

Fig. 3. The average responses of multi-bundle shashlik towers vs
Xpeam Coordinate. The data around fibres are corrected in the scan
of the tower with 3 channels.
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Fig. 4. (up) Energy resolution for the setup of Fig. 2 with a
three-bundle tower a the center. It is a weak function of the
calibration coefficient of the central channel. The central channel
gain was adjusted to minimize the total lateral nonuniformity.
(bottom) The total average response in a three-bundle shashlik
tower vs x,,. coordinate for the calibration coefficient of central
channel equal to 1.0. The data around fibres are corrected. -

single readout. To simplify the analysis we studied the
spatial resolution using the amplitude difference taken two
by two.

5.2.1. Spatial resolution of the tower with two readout
channels

Four amplitudes: E, o1, Eigwerp 304 Eog, Epigy, for
tower 1, tower 2, left and right channels of tower 16 are
measured (Fig. 2). Imposing the energy independence of
the algorithm, one has to find three independent variables
that determine the position of the impact. An almost
optimal choice consists of the following functions:
At the center of tower 16 we will use:

X1 =f1(( Erigm — Eleft)/( Erighe + Eleft))‘
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Fig. 5. The dependence of electron coordinate x,.,, vs the value of the functions expressed in term of channels’ amplitudes. The

experimental points were fitted by an 8th degree polynom.

In the region between tower 1 and tower 16:

Xy = fZ(( Eright - Etowerl)/( Etowerl + Etowcrl6)) ‘
In the region between tower 2 and tower 16:

X3 =f3((Et0Wer2 - Eleft)/(Etowch + Etowerlﬁ)) *

These functions are shown in Fig. 5. The coordinate
resolutions when each of these functions was used sepa-
rately are shown in Fig. 6. Taking the optimal combination
of x;, x,, x; one obtains the position resolution as shown
in Fig. 7. The mean resolution for the scanned region is
830 + 140 pm.

The electronic noise contribution to the spatial resolu-
tion is given by the dashed line in Fig. 7a. Its mean
contribution to the space resolution is 330 wm. It was
obtained by smearing the average response, at a given
position, with the electronic noise estimated from the
measured pedestals.

The contribution of calorimeter itself to the spatial
resolution is shown in Fig. 7b after unfolding of the
electronics noise and beam chamber resolution (300 wm).
The mean value for the spatial resolution improves to
690 + 125 pm.
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Fig. 6. The spatial resolution for the two bundle tower vs Xy,
coordinate for functions fy, f,, f; used separately. xy.,, =0 at
the center of the tower.
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Fig. 7. The spatial resolution in the two bundle tower vs x,.,; coordinate. Left plot: measured resolution, dashed line: electronics noise
contribution, taken from pedestal measurement, right plot: resolution of calorimeter after unfolding of noise and beam chamber

contributions.
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Fig. 8. The contributions of functions f;, f,, f; to the spatial
resolution in the three channels tower vs x,,,, coordinate.
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5.2.2. Spatial resolution of the tower with three readout
channels

To study the spatial resolution in a 3-bundle tower we
used, in analogy with the case of two bundle tower, three
functions f,, f,, f; depending on the channel amplitudes
and four additional functions f,,, fa,, fi, fs:
At the center of tower 15:

Xy = f1(( Erign — Eleft) /EtoweﬂS) .
In the region between tower 1 and tower 15.
X2 =f2(( Eright - Etowerl) /(Etowerl + EtowerlS))’

X2a = f2a( (Ecemer - Etowerl)/(Etowerl + EtowerlS)) -

In the region between tower 2 and tower 15:

X3 = f3( (Etower2 - Eleft)/(EmwerZ + EtowerlS)) 4
X32 = fSa((EtowerZ - Ecenter)/(EtowerZ + EtowerlS)) .
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Fig. 9. Optimized spatial resolution for the three channels tower vs xy,,,, coordinate. Left plot: measured resolution, dashed line: electronics
noise contribution, right plot: resolution of calorimeter after noise and beam chamber contributions have been unfolded.
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Fig. 10. Spatial resolution vs x,,,. coordinate. (1) Resolution in
tower with 2 channels if only the sum of amplitudes is used
(identicaly to the tower with single channel readout). (2) The same
as (1), but after unfolding of the electronics noise and beam
chamber contributions. (3) Two bundle tower resolution. (4) Three
bundle tower resolution.
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Fig. 11. Response of the three readout channels in tower 15 when
a fibres region of +1.5 mm is used. Responses of the 3 channels
are superimposed.
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Fig. 12. The signal correlation in the three-bundle tower. The data outside the boundaries, such as data around fibres or charged particles
hitting the photodiode might be either rejected or corrected. (a) Central channel, (b) right channel, (c) left channel.
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In the region between central and left channels of tower
15:

X4 =f4( (Ecenter - Eleﬂ)/EtowenS) -

In the region between central and right channels of tower
15:

Xs =f5(( Eright - Ecemer) /EtowctIS) .

Fig. 8 shows the shower position resolution which can
be achieved with f,, f,, f; functions. One can improve it
by combining all the seven functions. Unfortunately, the
values of these last functions are not independent, and, in
practice, the optimal resolution is obtained using x;, x,,
x5, and only slightly improves by the use of the four
others.

The optimized resolution is shown in Fig. 9a. Its mean
value over the scanned region is equal to 760 + 125 pm.
The dashed curve shows the electronics noise contribution.
The resolution after the removal of electronics noise and
beam chambers is shown on Fig. 9b. Its mean value is
620 + 130 pum.

The improvement in the spatial resolution achieved
with multi-bundle tower readout is shown in Fig. 10. For
comparison the resolution obtained for a single-bundle
tower with and without electronics noise is also shown.

5.3. Self-correction of fibre effect in multi-bundle tower

A large variation is observed when the electrons impact
a W.L.S. fibre. Fig. 11 shows the variation of the ampli-
tude of each channel of tower 15 versus the horizontal
coordinate (x,,,,). The response of the channel which
contains the fibre is distorted. For the same shower, the
signal in the other channels is not perturbed allowing the
possibility for correction. For instance, to correct the re-

Amplitudes of channels,pC
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Fig. 13. The response of the three bundle tower in the fibres’
regions after correction.

3
25
>
2
9
=
2
ut' 1.5
i 1
w
®
05
o e 1 L w1 ' 1
~30 -20 -10 [] 10 20 30
Distance from towsr center,mm

Q al al g 1 1 L
-3 -20 -10 ) 10 20 30
(b) Distance from tower center,mm

Fig. 14. (a) The precision of restoring the right channe! response
in the tower with two readout channels. (b) The spatial resolution
in the tower with two channels, when the right channel informa-
tion is not used. The dashed histogram represents the response of
a single bundle tower.

sponse of the central channel we plot in (Fig. 12a) the ratio
Eenier/ (Eresy + Eyigp) versus the asymmetry of the re-
sponse of the left and right channels (E iy, — Ejeq) / (Epege
+ E o). The fibre effect is clearly seen there. The cor-
rected response for the central channel can be given by:

Eoentral, corrected (Eleft + Eright) Xfcorr.(( Erig.ht - Elcft)
/( Eleﬂ + Eright) ) .

The correction function £, and the boundaries of ‘‘good™’
events region are defined by selecting events that have
electron impacts between two horizontal rows of fibres.
The correction functions are defined by the shower shape
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and by the light collection conditions. They are almost
independent of the shower energy: the transversal shower
profile being almost independent of the shower energy.
The correlation plots for the right and left channels are
shown in Fig. 12b and Fig. 12c. The right and left chan-
nels responses were corrected by the same method. The
corrected channel responses are shown in Fig. 13. This
procedure improves the energy resolution without event
loss.

5.4. Recovery of dead channel

If the correlation functions defined above are known, a
dead channel can be restored by the use of the other
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Fig. 15. The precision of restoring the central channel response in
the tower with three readout channels and the spatial resolution
without central channel signal use.
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Fig. 16. The precision of restoring the right channel response in
the tower with three channels. The spatial resolution without using
the right channel.

signals. This improves the lifetime and reliability of the
calorimeter, what is important for experiments at LHC
which will have a duration of over 10 years. We have
studied the precision of restoring a channel and the
calorimeter performance achievable when the response of
one channel is missing.

In the case of two-bundle tower, to restore for instance
the right channel signal, we use the left channel signal and
the signal of tower 2. The precision of restoring the right
channel signal is shown in Fig. 14a. As it will be shown
here after, the recovered response is mostly dominated by
the electronics noise. The spatial resolution in the two-bun-
dle tower (right channel not used) is shown in Fig. 14. It is
practically the same as for a single-bundle tower.
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In the case of three bundle tower we found that the
central channel signal can be restored by using the left and
the right channels data with a precision shown in Fig. 15a.
We found that the spatial and energy resolution remain
practically the same as when all channels function properly
(see Figs. 15 and 17). The performance with the right
channel signal not used is shown in Figs. 16 and 17. We
see that the precision of restoration of the response of a
channel is mainly dominated by the electronics noise.

5.5. Two showers separation

We studied the possibility of two showers separation in
the three bundle tower. To separate the events consisting
of two 40 GeV electron showers we used the correlation
defined for the “‘fibre’’ effect correction. We simulated a
two showers event by taking the sum of two single shower
responses. So the electronics noise was also taken twice.
The separation efficiency as function of the distance be-

#,40GeVc, sum of Gires wwers

by electronios nolee
° A eis | .1_..._._J
-30 -20 -10 [] 0 E x
Distance from tower conter,mm
(a)

Distanse frem tower ssnter mm

(c)

tween the center of gravity of the two showers is shown in
Fig. 18. The efficiency of single shower event selection for
the same cuts was larger than 98%.

6. Conclusions

We studied prototypes of two- and three-bundle projec-
tive towers with 40 GeV electrons to examine the perfor-
mance of a ‘‘shashlik’” calorimeter that can be achieved
with a multi-bundle design approach. Our experimental
results at 40 GeV show that:

— the spatial resolution at the tower center in multi-
bundle towers is improved by a factor of 2 to 3 in
comparison with the same type of tower equipped with a
single channel readout. In the region of the tower center
the resolution with three bundles is better than with two
bundles.

— the lateral uniformity of the energy response in the

Ladly electronios noise
% = = O S ] £
Distances frem SOWer santer mm
{b)

Fig. 17. (a) The energy resolution in the tower with three readout channels. The energy deposited in the three towers setup was about 92%
of the total shower energy. (b) Energy resolution when the central channel response is not used but restored from right and left channels. (c)
The same when the right channel is not used. The beam chamber information is not used in both cases. The dashed lines show the

electronics noise contribution.
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Fig. 18. The rejection efficiency of double shower events in the
three bundle tower.

tower with three bundles is improved in comparison with
two and one bundle cases. Excluding the region at tower
edges (+£4.0 mm) where the total response is affected by
the shower leakage, the uniformity of the response is better
than 1%.

~ the correlation of channel responses in a multi-bun-
dle tower provides a possibility to correct the calorimeter
response in the vicinity of fibres as well as the signal due
to charged particles hitting the Si-photodiode at the rear of
the tower. The correction is much more effective for the
three bundle tower.

— the reliability due to the redundancy as well as the
performance of a calorimeter are improved by multi-bun-
dle tower design.

— two showers separation is also improved in multi-
bundle towers. ’

— all the performances mentioned above were mainly
limited by electronics noise.

A study of the calibration of three bundle towers is in
progress.

The use of multi-bundle towers leads to larger size
towers. This will improve the calorimeter hermeticity and
lower its cost. We conclude that a multi-bundle design is a
good choice for a shashlik type calorimeter.
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