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We study the energy resolution of two compensating sandwich calorimeters using scintillators as readout material and lead and
uranium as absorber, respectively. By employing the technique of the two interleaved calorimeters we extract the contribution of
sampling and intrinsic fluctuations. We find that the energy resolution for hadrons is dominated by sampling fluctuations in both

cases.

1. Introduction

Hadron sampling calorimeters have attracted consid-
erable interest in the last years. This interest can be
explained on one side by the physics goals to be achieved
at high-energy colliders (Tevatron, HERA, LHC, SSC)
and on the other side by the progress in understanding
the basic phenomena involved in hadronic cascades.
The concept of “compensation” (equal response to elec-
trons and hadrons) has been clarified both by Monte
Carlo calculations and by several recent experimental
measurements. Detaiied Monte Carlo calculations [1-3
have shown the importance of detecting the low-energy
neutron component of the hadron shower in order to
achieve compensation and therefore the advantage of
readout media containing a large fraction of hydrogen
like scintillators. Experimentally, compensation has been
obtained with calorimeters using uranium [4,6] or lead
[5] as absorber material and plastic scintillator or gas
for the readout.

The present developments in the field of hadron
calorimetry follow two directions:

1) obtaining compensation with other readout media

than scintillator or gas, like liquid argon [7}, TMP [8]

or silicon [9],

2) improving the energy resolution of hadron calorime-
ters which are known to be compensating, like

* Supported by DAAD.
** Supported by BMFT.
* Supported by DOE.

lead-scintillator calorimeters. The field of “precise

hadron calorimetry” has emerged in this way and the

best example of development is the so-called

“spaghetti calorimeter” [10].

Progress in the second line of research requires a
detailed understanding of the energy fluctuations inside
hadronic cascades. This paper is an attempt to de-
termine experimentally the different contributions to
these fluctuations **.

2. Energy resoluion of sampling calerimeters

A sandwich calorimeter (see fig. 1) consists of ab-
sorber plates, generally made of a high-Z material,
separated by gaps where the active medium (or readout
medium) is located. The sampling ratio R is the ratio

absorber readout

1 M

sampling ratio
R=t/s

beam

-t - s

Fig. 1. A sampling calorimeter with absorber thickness .
readout materic' thickness s and sampling ratio R.

** A preliminary version of the results presented here can be

found in ref. [11].
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between the thickness of the absorber, ¢, and the thick-
ness of the active medium, s: R=1/s.

The response of sandwich calorimeters to electro-
magnetic showers is well known from both the experi-
mental and the Monte Carlo points of view. We have
the following relation:

E,;, =eE,
where E and E, are, respectively, the energy of the
showering particle and the visible energy in the readout
medium. The parameter e is the electromagnetic sam-
pling fraction and is usually referred to the sampling
fraction of a “mip” (minimum ionizing particle):

. (dE/dx),
MP = (QE/dx), + R(AE/dx)t’

where (dE/dx), and (d E/d x), are the minimum ioniz-
ing losses per unit length of active medium or absorber,
respectively. The ratio e/mip depends almost exclu-
sively on the difference in charge number Z between
the absorber and the readout medium, decreasing as the
difference in Z increases (transition effect). Typical
e/mip ratios for heavy absorbers and light readout
media are between 0.6 and 0.7 [3].

The energy resolution of electromagnetic calorime-
ters is

—_—=— = E in GeV),
Evis ( )

where all experimental data indicate that the parameter
a is energy-independent and approximately propor-
tional to V¢. The following parametrization has been
proposed [12]:

dFE dE
=32 i === £=
a=32%/A[MeV] with Ae x( - )’+s( - )
The response of sampling calorimeters to hadron
showers is more complex and not so well studied. The
sampling fraction A is again defined as

Evis = hE.

The energy of the shower splits in the following compo-
nents:

E=E+E +E,+E,+ Eny,

where E_, is the electromagnetic component (mainly
produced by w°), E, the charged pion one, E, the
proton one, E, the neutron one and finally Ey,, is the
energy lost in breaking the nuclear binding energy
(sometimes called “invisible energy”) or taken by

nuclea- fragments. Each component has its own sam-
pling fraction *, therefore,

EViS = eEem + 'ITE." +pEp + nEn + NENucl’

* The detection efficiency of the readout medium for the
different components plays also an important role in hadron
showers and has to be included in the sampling fraction.

where the sampling fraction for the nuclear component,

N, is normally a vanishing quantity. As a result e/A is

larger than 1 for typical noncompensating hadron

calorimeters. As commented before, e/mip is almost
independent of R and the same occurs for #/mip and
p/mip since charged hadrons are very similar to mini-
mum ionizing particles. This is not the case for low
energy neutrons: Monte Carlo calculations show that
n/mip is approximately proportional to R [3] and
therefore e/h can be tuned by varying R [2]. It has
been shown experimentally that for calorimeters with
enough neutron yield (mainly uranium, but also lead
calorimeters) and a significant neutron sampling frac-
tion (scintillator calorimeters, for example), values of

e/h close to 1 (compensation) or even smaller than 1

(overcompensation) can be achieved.

The fluctuations of the visible energy have two dif-
ferent origins in hadron showers:

- the fluctuations of the sampling fractions (Ae, Am,
etc.), which produce “sampling fluctuations” as for
electromagnetic showers and can be reduced by re-
ducing the sampling step,

— the fiuctuations of the shower components (AE,,
AE,, etc.) which, through the different sampling frac-
tions, produce the so-called “intrinsic fluctuaiions”.
This suggests the following empirical formula for the

fractional energy resolution of hadron calorimeters:

E. o Gsamp ® Ojnyr»

where 0., is a function of vt (as for the electromag-
netic case) and o,,, is a function of R (note that o,
depends on the sampling fractions). In ref. [12], the
following parametrization based on experimental data
has been proposed for the sampling fluctuations:

Oamp = —‘/—%— (E in GeV),
with

a=9.0%/A¢[MeV] .

The energy dependence of o,,, is more complicated.
Both experimental and Monte Carlo information indi-
cate that e, does not scale with VE. A successful
parametrization is (see ref. [3] for details):

[} +c,

b
inte ﬁ
where ¢ depends on the e/h ratio, vanishing for com-
pensating calorimeters. According to all these assump-
tions, both o,,,,, and o;,,, scale with VE for compensat-
ing calorimeters, and therefore, the fractional! energy

resolution as well. This result is supported by all exist-
ing experimental c'ata [4-6].
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TR  Eq=EnEar.. thickness of the two interleaved calorimeters is 2t, we
- EpEreEe expect
beam Esun=Ea+Ep %um = Osamp and 0, =0p= ﬁosamp'
Egit =Eq-Ep

Fig. 2. The two interleaved calorimeters with the definitions of
of E,, E\, (partial energy sums), E . (total energy) and Egy;
(energy difference).

3. Experimental determination of sampling fluctuations

In order to extract sampling fluctuations from the
total fluctuations in hadronic calorimeters, we have
used the technique of the “ two interleaved calorimeters”.
This technique was already employed long time ago for
the case of liquid argon calorimeters {13].

The two interleaved calorimeters are shown in fig. 2.

They result from summing up odd-number readout
layers (calorimeter a) and even-number readout layers
(calorimeter b). These two calorimeters can be regarded
as two independent sampling calorimeters embedded in
the original one. It is useful to define the following
relative fluctuations:

where o, are the sampling fluctuations for the com-
plete calorimeter. Since the sampling fluctuations for
calorimeters a and b are independent:

AE,, = AEy;,
and therefore
O4dif = Osum-

These equations can of course be checked using the
Monte Carlo shower generator EGS4 [14]. We have
simulated the response of a calorimeter consisting of 10
mm thick iead plates sandwiched with 2.5 mm thick
scintillator plates to electrons in the energy range be-
tween 1 and 20 GeV. The values obtained for o,,,, 04,
o, and o, are shown in table 1. we note that, as
expected, all these quantities scale with VE, that o, =
oy and finally that o, =06, =20, In fact ey is
slightly larger than o, (by about 10%), and this is due
to a small negative correlation between the energies
deposited in calorimeters a and b. The correlation coef-
ficient, defined in the usual way,

AE, AE _ _
Oa=<_E—a‘>‘, Oy = <Ebb)’ b = <(Ea <Ea>o)a((,bEb (Eb>)> (_1 <°ab<1)v
AEsum AEdif

um ™ Eumy” " By
where (E,) and (E,) are the average energy sums
measured by the two calorimeters, (E ) = (E, + E,),
(Es ) =(E,— E,) their sum and difference, and fi-
nally AE,, AE,, AE,, and AEy; are the correspond-
ing fluctuations. The resolution of the complete
c~lorimeter is obtained by summing the two calorime-
ters and the decrease in resolution due to the coarser
sampling is obtained from the fluctuations of the two
partial sums (o, and o},) or better, from the fluctuations
in their difference (oy;).

The way this technique works is more easily under-
stood in the electromagnetic case. Since in this case only
sampling fluctuations are present and the absorber

Table 1

is also included in table 1. The energies E, and E,, are
also shown in a correlation plot in fig. 3 for E=10
GeV, no significant correlation being observed.

As explained in the previous section, hadronic
showers have intrinsic fuctuations in addition to the
sampling ones. These intrinsic fluctuations are pro-
duced by fluctuations between the different shower
components. On an event-by-event base, these fluctua-
tions are the same for calorimeters a and b, and the
complete calorimeter as well. Due to this important
property of the two interleaved calorimeters, the intrin-
sic fluctuations contribute in the same way to o,, oy
and o,,,, but cancel when g, is considered. The sam-
pling fluctuations, on the other side, can be considered
as independent for calorimeters a and b, as for electro-

Energy fluctuations as simulated by EGS4 for 1, 5, 10 and 20 GeV electron showers entering a Pb (10 mm) scintillator (2.5 mm)

sampling calorimeter

E=1GeV 5 GeV 10 GeV 20 GeV
osum\/f (%] 238 +1.0 223 +09 232 +09 219 +0.9
odif\/E [%] 247 +1.0 276 +1.2 253 +1.0 258 +1.1
oa\/lz_‘ [%] 330 +1.3 341 +15 353 +£1.3 326 +14
ahy/E— [%] 357 +14 368 +1.6 333 +1.0 348 +14
o, —-0.0440.08 -0.22+0.08 -0.09+0.08 -0.17+£0.08
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Fig. 3. Correlation plot for the energy fractions deposited in the active material of two interleaved calorimeters as simulated by EGS4
for 10 GeV electron showers. The complete calorimeter consists of lead (10 mm sampling) and scintillator (2.5 mm sampling).

magnetic showers. We have therefore the following rela-
tions for hadronic calorimeters:

Osum = Oint @ osampn

0, = Op = Oint & ﬁosamp’
Ogif = asamp .

We note that the e/h ratio for calorimeters a and b is
the same as for the complete calorimeter and that these
equations hold both for compensating and for noncom-
pensating calorimeters. We apply them in the following
to compensating calorimeters using scintillator as the
readout material. This implies a modification of the
equations due to instrumental effects. This modifica-
tions will be discussed in section 7.

4. Description of the calorimeters

We have performed our measurements with a lead—
scintillator and a uranium-scintillator calorimeter.

These calorimeters were built to investigate compensa-
tion and energy resolution for lead and uranium as
absorbers and have already been described in detail in
refs. {5] and [6], respectively. We give here only a brief
summary for completeness.

The lead calorimeter (see fig. 4) was a sandwich of
10 mm thick lead plates and 2.5 mm thick scintillator
plates. The ratio of 4 between iead and scintillator

thicknesses was optimized to achieve compensation

according to Monte Carlo predictions. The calorimeter
consisted of 9 towers, 20 X 20 cm? each, so the total
cross section perpendicular to the beam was about
60 X 60 cm?. Longitudinally each tower was segmented
in an EMC section (1A or 29X, deep) and a HAD
section (4A\ deep). Each section was read out on ths
right and the left side by PMs (XP2011 type from
Philips) via wavelength shifter plates (WLS) and light
guides. The scintillator materia! used was SCSN-38 and
the WLS plates were made of PMMA doped with K-27
in a concentration of 125 mg/1l. The uniformity of light
collection along the WLS plates was optimized with
graded filters adjusted according to bench test measure-
ments.

The uranium calorimeter consisted of four separate
but identical modules (see fig. 5). Each module con-
tained 45 layers of 3.2 mm thick uranium and 3.0 mm
thick scintillator plates. The total cross section per-
pendicular to the beam was 60 X 60 cm’. In the vertical
direction the scintillator plane was segmented into 12
strips, 5 cm high, in order to provide information on the
!afnrn] devalanmant af tha chaus,

teral development of the shower. The light from each

strip was transmitted to PMs via wavelength shifter bars
and plexiglas light guides. These light guides were bent
such that two modules could approach each other
without leaving any significant dead space between
them. Graded filters were also introduced between the
scintillator and the WLS to compensate for the attenua-
tion along the WLS material. The optical materials and
the PM type were the same as for the lead calorimeter.
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Fig. 4. The lead-scintillator calorimeter with a detail of the layer structure.
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Fig. 5. The uranium-scintillator calorimeter with a detail of the layer structure.
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Table 2
Calorimeter parameters

Pb calorimeter DU calorimeter

Absorber material Pk (4% Sb) depleted U
Scintillator material SCSN-38 SCSN-38
WLS material PMM UV PMM UV

absorbant absorbant

doped with doped with

K27 K27

(125 mg/1) (120 mg/1)
Photomultipliers Philips XP2011 Philips XP2011
Absorber thickness 10 mm 3.2 mm
Scintillator thickness 2.5 mm 3.0 mm
Lateral segmentation 20 %20 cm? 5% 60 cm?

(9 towers) (12 strips)
Calorimeter cross section 60 X 60 cm® 60 % 60 cm?
Longitudinal segmentation EMC(1A)+ 4 modules

HAC(4M) (1.5M)
Calorimeter depth S5A 6\

Number of readout
channels 36 96

The main parameters of both calorimeters are re-
ported in table 2.

5. Experimental setup and calibration

The calorimeters were tested in the X5 test beam of
the CERN-SPS, in the energy range between 10 and 50
GeV. We estimate the momentum spread of this beam
to be less than 1% for the collimator settings used
during the measurements. The modules were installed
on a support allowing both horizontal and vertical
movements. The measurements were performed with
positively charged particles.

The beam was defined by a pair of scintillation
counters, Bl and B2 (see fig. 6). A veto counter, B3,
with 1 cm diameter hole in the middle, was used to
reject beam halo particles. Electron-to-hadron sep-
aration was provided by two Cherenkov counters, C1
and C2, filled with helium and nitrogen, respectively.
The second counter, C2, was used in the trigger. A

! ]
e e NN o
c1 [oF B1Bz! ’l |

83 wi-catcher

Calorimeter
electrons 818283 C2
nadrons  B1 B2 83 C2
muons  B1 B2B4

Fig. 6. Experimental setup in the beamline and typical trigger
conditions.
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Fig. 7. Calorimeter setups used in the test: (a) all plates are
read out on both sides (configuration 1); (b) each plate is read
out only on one side (configuration 2).

uranium-scintillator calorimeter module, 1A deep, was

used as tail catcher for both calorimeters. Finally an

addiuonal scintillator counter, B4, located behind the
calorimeters was used to trigger on muons.

The photomultiplier signals were digitized by LeCroy
2282B ADCs of 12 bits, with integration gates of 150
ns, and read out by front-end microprocessors (Texas
TMS-99010) using a PDP11 as host computer.

The measurements reported in refs. [5] and [6] were
performed with a calorimeter configuration where all
scintillator plates are read out (configuration 1 in fig. 7).
The measurements reported here were performed with a
configuration where the WLS plates situated on one
side could only read the scintillator plates with even
number and those on the other side the scintillator
plates with odd number (configuration 2 in fig. 7). This
was achieved by covering the corresponding readout
side of each scintillator plate with biack tape. In the
case of the lead calorimeter, a piece of teflon was
inserted between the black tape and the scintillator in
order not to loose in light yield. By summing both sides
of the calorimeter the complete readout is recovered,
whereas by considering the individual sides or the dif-
ference in response, event by event, sampling fluctua-
tions can be measured as discussed in section 3.

The calibration procedures have been described in
detail, for the case of configuration 1, in refs. [5] and [6].
They were applied for the case of configuration 2 as
well. We briefly summarize them below.

1) Lead calorimeter: the center of each tower was ex-
posed to 50 GeV electrons, hadrons and muons. The
calibration constants were obtained by balancing the
response to electrons of each EMC channel and the
response to hadrons of czach HAC channel. The
muon signal was used for cross-checks and to inter-
calibrate EMC and HAC sections.

2) Uranium calorimeter: the uranium radioactivity, in-
tegrated with a 1000C ns long gate, provided a
calibration of all calorimeter channels within 3%
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accuracy. In order to improve this calibration, the
front module was also exposed to 50 GeV electron
beams incident at the center of each strip. Muons
and hadrons were also used for cross-checks.

configuration 1 (standard readout) and 2 (interleaved
calorimeters). The event selection criteria and treatment
of the data are as in refs. [5] and [6]. The results
obtained for configuration 1 have been published there,
so only the values relevant for the present analysis are
6. The data reported here.

The results obtained for the lead calorimeter are
reported in tables 3a (configuration 1) and 3b (config-
uration 2). The results of the vranium calorimeter are

Both calorimeters were exposed to electrons and
hadrons in the energy range between 10 and 50 GeV for

Table 3a
Results from the lead calorimeter (configuration 1)
E Hadrons Electrons e/h
[GeV] —

csum‘/E[%] odifﬁ[%] Oside\/E{%] GsumJE[%] od:ﬂ/E[%] osideVrE i%]
10 45.6+0.7 10.5+0.2 471+0.5 242+04 84+0.2 25.5+03 1.12.+0.01
20 420107 10.1+0.2 42.8+0.5 239105 8.3+02 254103 1.11+£0.01
30 43.7+0.7 10.2+0.2 450405 243405 8.6+0.2 25.8+0.3 1.10+£0.01
50 42.5+0.7 10.5+0.2 441405 25.1+0.6 92+40.2 26.5+0.4 1.10+0.01
Average 43.5+1.0 10.3+1.0 448+10 244+1.0 8.6+1.0 258+1.0
Table 3b
Results from the lead calorimeter (configuration 2)
E Hadrons Electrons e/h
GeV]
[ asum‘/E[%] udif\/E[%] t"side\/E—[%] osum‘/—E[%] Udi[\/E[%] Gsnde\/'g[%]
10 43.8+0.6 40.7+03 59.5+1.0 23.7+0.3 25.8+0.3 351403 1.13+0.01
20 43.840.6 435+0.3 60.2+1.0 245403 26.5+0.3 36.0+0.6 1.12+0.01
30 424406 427+0.3 61.6+1.0 247+0.3 26.7+0.3 36.3+0.6 1.11+0.01
50 43.9+0.6 424+0.3 60.6+1.0 249403 271+0.3 36.8+0.6 1.10£0.01
Average 43.5+1.0 42.3+1.0 60.5+1.0 245+1.0 25.8+1.0 36.0+1.0
Table 4a
Results from the uranium calorimeter (configuration 1)
E Hadrons Electrons e/h
GeV
[ ] Usum\/fl%] Udiﬂ[E_[%] oside\/E (%] Usum\/E[%] "dir\/E[%] Uside‘/E[%]
10 35.8+0.7 10.5+0.2 37.6+0.5 17.3+0.4 81+0.2 19.4+0.3 1.01 +£0.01
20 34440.7 11.7+0.2 36.4+0.5 16440.5 8.0+0.2 18.3+0.3 1.01+0.01
30 35.6+0.7 120+0.2 37.6+£0.5 17.0+0.5 62+0.2 18.1+0.3 1.02+0.01
50 37.5+0.7 12.7+£0.2 39.3+0.5 17.7+0.6 8.6+0.2 19.8+04 1.02+0.01
Average 358+1.0 11.7+1.0 37.7+10 171410 82+10 189+1.0
Table 4b
Resuits from th~ uranium caiorimeier {configuration 2)
E Hadrons Electrons e/h
IGeV - =
1GeV] Usum‘/E[%] C‘dif\/E[%f% Uside‘[ ! Usum\/E[%] °d|f\/E [%] osidc‘/_E (%]
10 38.8+0.6 28.710.;‘_- 4383+ ) 18.2+0.3 183+0.3 25.6+0.6 1.00+0.01
20 36.5+0.6 346+0.3 495+ 0 18.2+0.3 19.6+0.3 27.0+0.6 1.00+0.01
30 36.4+0.6 339403 501+1.0 18.6+0.3 19.4+0.3 27.0+0.6 1.00+0.01
50 374106 332+03 500+1.0 19.0+0.3 19.7+0.3 27.5+0.6 1.00+0.01

Average 37.3+1.0 326+1.0 49.5+1.0 185+£1.0 19.2+1.0 26.8+1.0
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reported in tables 4a (configuration 1) and 4b (config-
uration 2). The errors indicated in these iabies are the
statistical errors for each energy point and the estimated
total error for the averages. For both configurations, a
readout on the left and the right side of the different
calorimeter sections was available. We define the quan-

tity
Oside = %(UR + 0'L)’

where oy and o are the fractional energy fluctuations

measured by summing the left and the right readout,

respectively, of all calorimeter sections. For the case of
configuration 2, these left and right readout calorime-
ters are simply the two interleaved calorimeters de-

scribed in section 3.

Some remarks to the values contained in tables 3 and

4 are listed below.

1) All fluctuations scale with VE as expected for com-
pensating calorimeters. The small rise observed for
o,,m and og44. is compatible with the known beam
momentum spread of 1% and the small rise in oy
can be explained by an energy dependence in the
beam spot width. These effects have been neglected
in the averages.

2) o, is almost identical for configurations 1 and 2.
As expected, the total energy resolution can be re-
covered by summing the two interleaved calorime-
ters.

3) The e/h ratios are the same for both configurations,
as expected. We note that the values given here are
uncoirected for energy leakage.

4) In the case of configuration 1, o, and o4, are
almost identical and much larger than oy (see also
fig. 8a) both for electrons and hadrons. In fact oy
does not vanish, due to photoelectron fluctuations.

5) In the case of configuration 2, oy and o4, are
considerably increased, as expected (see fig. 8b). In
the case of electrons, we obtain oy = 0, and o4, =
V2 0, thus the resolution is dominated by sampling
fluctuations. In the case of hadrons g4 < o,,,, and
Code < V2 0, thus intrinsic fluctuations are also pre-
sent.

A first estimation of intrinsic and sampling fluctua-

tions can be made using the formulae given in section 3:

24

amp = Ogde © Oum = 42.0% /VE (lead case) or
32.5%/VE (uranium case)

Ointr = Ooum © Ogump = 11 3%/VE (lead case) or

18.3%/VE (uranium case)

However, instrumental effects have to be iaken into
account. They are discussed in the next section.

7. Instrumental effects

We have considered three instrumental effects which

might modify the simple estimation given above:

— photoelectron statistics,

— a finite beam size, and

- light attenuation in the scintillator.

The quantity oy, which should vanish for configuration
1 in the case of a perfect calorimeter, has been used to
extract information on instrumental effects.

The photoelectron fluctuations for the lead calorme-
ter have been determined from the width of the re-
sponse to a light pulser [5] and the result is o, =
6.5% /VE . Since in the electron case the only additional
contribution to ay; is the effect of the beam spot width,
Opeam» WE Obtain

Obeam = Oait © 0 = 8.6© 6.5 =5.6%/VE .

Therefore oy, = 1% at 30 GeV. This result is compati-

500.0 T T T

(a) " Hadrons
Events E=306eV
4oo.o | Eai 4 Configuration 17
1
300.0 -
2Eside

200.0 o 1
100.0 - 7

0.0 : . ' I E— —
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Fig. 8. (a) Pulse-height distributions for 30 GeV hadrons

obtained with the lead-scintillator calorimeter in the case of

configuration 1. (b) Pulse-height distributions for 30 GeV

hadrons obtained with the lead-scintillator calorimeter in the
case of configuration 2.
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ble with a beam spot o5 of 0.5 cm for E =30 GeV
(average energy) which yields

Opeam = 1 = %51 ~0.8%,

where A is the effective light attenuation length in
scintillator (A = 60 cm for the lead calorimeter). In the
case of the uranium calorimeter, no direct measurement
of the light yield was available, but assuming a beam
spot of 0.5 cm and an effective attenuation length of
100 cm [6] we obtain

Ope = 15%/VE.

For the measurements performed with configuration 2,

we have assumed the same beam spot widths and the

following photoelectron fluctuations:

- lead calorimeter: o, =7.0%/ VE (again measured
with a light pulser),

- uranium calorimeter: oy, = 10.5%/VE (assuming a
factor 2 for the loss in light yield).

For the leac calorimeter no significant loss in light yield

is observed since the scintillator plates were covered by

reflective tefion on the side which was not read out.

In the hadron case there is an additional contribu-
tion to gy, namely o, produced by transverse shower
fluctuations in the scintillator. These shower fluctua-
tions result in energy fluctuations due to the light
attenuation length, whenever only one side of the scin-
tillator plate is read out. We obtain this contribution in
the following way (configuration 1):

o) = 0y (hadrons) © o, (electrons)

=6.0%/VE (lead) and 8.3%/VE (uranium).

In the case of the uranium calorimeter, o, can be
measured directly by making use of its transverse granu-
larity in the vertical direction and weighting the energy
deposited on each strip according to a simulated light
attenuation in this direction. The measured energy is

i2
E,= Z E,

i=1
E, being the energy deposited in each of the 12 trans-
verse strips. For an assumed attenuation length A = 100
cm in the vertical direction and a beam centered in strip
6, the energy is

12
Ey= Z E, eli=©8x/A

i=1

(Ax =5 cm is the strip height).
Due to transverse shower fluctuations, the quantity

E4; = E\ — E, has a nonvanishing width AEy; (see fig.
9 for 30 GeV hadrons). We obtain then
AE, 7.0
o, = <E">‘ _19%  (E-30Gev).
0

VE

343
Events
Hadrons
E=3006ev
Ean=Eo -Ex
L AEdd =70
200 (E4) =530
1000 +

=400 200 0 200 400

Eq¢ (ADC channels)

Fig. 9. Ey; for 30 GeV hadrons measured with the uranium-

scintillator calorimeter in the case of configuration 1. As

explained in the text, Eg; can be used to estimate the instru-
mental effects due to the scintillator attenuation length.

This valuc is in agreement with the previous one within
errors. The same calculation performed for configura-
tion 2 gives a similar value for ¢, (7.4% instead of
7.0%), showing that transverse shower fluctuations are
strongly cerrelated for the two interleaved calorimeters.
We observe finally that although the attenuation length
is emaller for the iead calorimeter (60 cm), the trans-
verse horizontal readout is performed every 20 cm (in-
stead of 60 cm), therefore we expect a smaller value of
oy

A summary of these instrumental effects is given in
tables 5a and 5b.

8. Results and discussion

Taking into account the instrumental effects men-
tioned in the previous section, we obtain the following

Table 5a
Instrumental effects for configuration 1 (30 GeV)

OpcV’E_[%] UhuamVrE[%] Uf\vfi%i

Lead calorimeter 6.5 5.6 6.0
Uranium calorimeter 7.5 5.6 7.0
Table 5b

Instrumental effects for configuration 2 (30 GeV)

0pVE(%]  ObeanVE (%] orVE[%]
Lead calorimeter 7.0 5.6 6.6
Uranium calorimeter  10.5 5.6 7.4
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equations for the hadron shower fluctuations measured
with configuration 2:

Osum = Ointr ® asamp ® upe’

Oside = Ointr ® ‘/iasamp ® ﬁope & Opeam 80,
Odif = Usamp 5] Upee Opeam & O)-

This is an overconstrained system of three equations
with two unknowns, 6;,, and 0., and the following
consistency condition:

Osum D O4if = Osige

which is experimentally very well satisfied for both

calorimeters. The intrinsic and sampling fluctuations for

hadron showers obtained from the numbers of tables
3b, 4b and 5b are listed below:

— Lead calorimeter: o,,, = (41.2 £ 0.9)%/ VE and
Oy = (134 £ 4N%/VE,

— uranium calorimeter: G,ym, = (31.1 £0.9)%/VE and
O = (204 £ 2.8)%/VE .

For electron showers, we obtain by the same method

(o, = 0) the following result:

- lead calorimeter: g, = (23.5+0.5%/VE and oy,
=(03+51)%/VE,

— uranium calorimeter: 0,,,, = (16.5 +0.5)%/VE and
Oine =22+ 48)%/VE.

We note that the uncertainty in the instrumental effects

has no significant influence on the results. These results

are given in tables 6a and 6b. No attempt has been
made to correct for fluctuations in the energy leakage,
which can only affect the intrinsic fluctuations. The
sampling fluctuatior- for electrons are compatible with
EGS calculations.
The following conclusions can be drawn.

1) The energy resolution for hadrons is dominated by
samphng fluctuations for both calorimeters and par-
ticularly in the lead case where a coarse sampling
was selected in order to achieve compensation. The
sampling fluctuations are

Osamp = 11_5%VIAE[MCV] /\/E[GCV] )

Table 6a
Results of the lead calorimeter (Ae =13.3 MeV)

oln(r{E—[%] asampﬁ[%] oszlmpﬁ /ﬁ‘—([%]
Hadrons 13.4+4.7 41.2+09 11.3+03
Electrons 0.3+5.1 23.5+0.5 6.4+0.2
Table 6b

Results of the uranium calorimeter (Ae = 7.2 MeV)

uintrJE[%] Usampﬁ[%] osampﬁ/\/A_('%]
Hadrons  204+24 311109 11.6+0.4
Electrons 22+438 16.5+0.5 6.1+0.2

where Ae is the energy loss by mips per sampling
layer as discussed in section 2. This value is slightly
larger than a previously published one [12] of

Oamp = 9% /Ac[MeV] //E[GeV] .

2) Sampling fluctuations for hadrons are larger than
sampling fluctuations for electrons by a factor 2.

3) The measured intrinsic fluctuations are larger in
uranium than in lead: (20.4 +2.4)%/VE as com-
pared to (13.4 + 4.7)%/VE . The comparison is how-
ever made for calorimeters with very different sam-
pling ratios: R=1 for uranium, R=4 for lead.
Intrinsic fluctuations depend possibly on these ratios.
The measured intrinsic fluctuations for uranium are
compatible with a previously published value of

22%/VE [12].

9. Summary

We have measured the intrinsic and sampling
fluctuations of two compensating sampling calorimeters
for hadron showers in the energy range of 10-50 GeV
by the method of the two interleaved calorimeters.
These sampling calorimeters consisted of:

- scintillator plates (2.5 mm thick) sandwiched with
lead plates (10 mm thick),

- scintillator plates (3.0 mm thick) sandwiched with
uranium plates (3.2 mm thick).

We have found the following result for the sampling

fluctuations:

Ouamp = (41.2 £ 0.9)% /VE (lead) and

Oump = (31.1 £ 0.9)%/VE (uranium),

and for the intrinsic fluctuations:

Oine = (13.4 £ 4.7)%/VE (lead) and

Oine = (20.4 £ 2.4)% /VE (uranium).

The sampling fluctuations are described by the formula
Osamp = 11.5%/Ac[MeV] /‘/E[GeV] ,

where Ae is the average energy loss of a minimum
ionizing particle in one calorimeter layer. The intrinsic
fluctuations for uranium are compatible with a previ-
ously published value of 22%/VE.
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