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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 .-?]
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
calorimeery 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
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lead-scintillator calorimeters . The field of "precise
hadron calorimeery" 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 ++ .

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

-; t ;-

	

-;si-

Fig. 1 . A sampling calorimeter with absorber thickness t .

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, t, and the thick-
ness of the active medium, s : R = t/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~ ; S = eE,

where E and E,~ S 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)S
mip

	

(dE/dx)S + R(dE/dx)t'

where (dE/dx)S and (dE/dx) ~ 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,~S

	

_De =

	

a

	

(E in GeV),
Evis e

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

The response of sampling calorimeters to hadron
showers is more complex and not so well studied . The
sampling fraction h is again defined as
E �; S = hE.

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

E=Ee,,.,+E,~+Ep+En+ENuc~~

where Eem is the electromagnetic component (mainly
produced by ~°), E,~ the charged pion one, Ep the
proton one, En the neutron one and finally ENu~, is the
energy lost in breaking the nl~~l~~r ûinding energy
is :,:~`Rïties called "invieihle enerw"1 nr taken by_

	

_ ___ _ _

	

____ Q,

	

,

	

__

	

_~____

	

_,

nuclea- fragments . Each component has its own sam-
pling traction *, therefore,
E�;S = eEem + ~trE,~ +pEp + nEn + NEN�~, ,

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 .
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where the sampling fraction for the nuclear component,
N, is normally a vanishing quantity . As a result e/h 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 ( 0e, Dar,

etc.), which produce "sampling fluctuations" as for
electromagnetic showers and can be reduced by re-
ducing the sampling step,

- the fluctuations of the shower components (DEem ,
DE,~, etc.) which, through the different sampling frac-
tions, produce the so-called "intrinsic fluctuations" .
This suggests the following empirical formula for the

fractional energy resolution of hadron calorimeters :

OE,~ S bh
Evis

	

= h= Qsamp ® Qintr

where Qsamp is a function of ~ (as for the electromag-
netic case) and Qinlr is a function of R (note that Q;ntr
depends on the sampling fractions) . In ref. [12), the
following parametrization based on experimental data
has been proposed for the sampling fluctuations :

Qsamp -

with

a = 9.0%

	

~E [MeV] .

The energy dependence of Qinlr is more co.lplicated .
Both experimental and Monte Carlo infc,rmat;on indi-
cate that Qintr dûCS not scale with ~ . A successful
parametrizarion a (see ref . [3] for details) :

where c depends on the e/h ratio, vanishing for com-
pensating calorimeters . According to all these assump-
tions, both Qsamp and Q;nlr scale with ~ for coYnpensat-
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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Fig . 2 . The two interleaved calorimeters with the definitions of
of Ea , Eb (partial energy sums), Esum (total energy) and Edif

(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 :

AEa AEb
CFA = (Ea)

,

	

ob = (Eb)
,

_ 0 Esum

	

_

	

0Edif
Qsum - (Esum) '

	

adif -
(Esum) +

where (Ea ) and (Eb) are the average energy sums
measured by the two calorimeters, (Esum) = < Ea + Eb),
(Edif ) = (Ea - Eb ) their sum and difference, and fi-
nally A Ea , 0Eb, 0ES �m and 0 Edi f are the correspond-
ing fluctuations . The resolution of the complete
calorimeter 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 (aa and ab) or better, from the fluctuations
in their difference (odif).

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
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Ea=E,+E3*...

Eb= Ez+ E4+...

Esum=Ea +Eb

Edit =E,3 - Eb
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thickness of the two interleaved calorimeters is 2t, we
expect

asum = asamp

	

and

	

la = ab = '12 asamp .

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

0Esum = A Edif +

and therefore

adif = asum-

These equations can of course be checked using the
Monte Carlo shower generator FGS4 [14] . We have
simulated the response of a calorimeter consisting of 10
mm thick lead 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 au,,, odif+
as and ob are shown in table 1 . we note that, as
expected, all these quantities scale with FE, that osum
odif

	

and finally that oa = ab = Y 2 asum. In fact odif is
slightly larger than usu. (by about 10`x), 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,

oab
= <(Ea - (Ea))(Eb - (Eb)))

	

1 < o

	

1ab <

	

) +aaab

is also included in table 1 . The energies Ea and Eb 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 aa , ab
and Qsum , but cancel when odif is considered . The sam-
pling fluctuations, on the other side, can be considered
as independent for calorimeters a and b, as for electro-

Table 1
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 =1 GeV 5 GeV 10 GeV 20 GeV

osu.YE [`$] 23.8 ±1.0 22.3 ±0.9 23.2±0.9 21 .9±0.9

adifVE [%] 24.7 ±1 .0 27.6 ±1 .2 25 .3 ±1 .0 25 .8 ±1 .1

oaF ['..] 33 .0 ±1 .3 34.1 ±1 .5 35.3 ±1 .3 32 .6 ±1 .4

ab1 tE [%] 35 .7 ±1 .4 36.8 ±1 .6 33.3 ±1 .0 34 .8 ±1 .4

(lab -0.04±0.08 -0.22±0.08 -0.09±0.08 -0.17±0.08
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0 .0

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

Osum - Oint a~ Osarnp ,

2 .5

Ed E(%)
2 .0

0 .5

Oa = Ob = Oint ®v`Osamp ,

Odif = Osamp

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 calorimeteerwms 1vere built to invesstibgan..w v.. .a .+Yva ..tecomperi.saa»-aThese vwvaaaaav

	

.vav

	

w aa. .v ..w

tion and energy resolution for lead and uranium as
absorbers and have already been described in detail in
refs . [51 and [61, 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
plate_, . The ratio of 4 between iead and scintillator
thicknesses was optimized to achieve compensation
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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).

according to Monte Carlo predictions . The calorimeter
consisted of 9 towers, 20 x 20 cm2 each, so the total
cross section perpendicular to the beam was about
60 x 60 cm2 . Longitudinally each tower was segmented
in an EMC section (1A or 29Xo deep) and a HAD
section (4X deep) . Each section was read out on the
right and the left side by PMs (XP2011 type from
Philips) via wavelength shifter plates (WLS) and light
guides. The scintillator material. used was SCSN-38 and
the WLS plates were made of PMMA doped with K-27
in a concentration of 125 mg/l . 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
lnteralll Y{r " e-1f'1p-lll\rl. of the Jl "V "" \ .a, The,.f the shower Thv labaae

	

m

	

hlaterall

	

!ighta afroavaaa vraPatvu

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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5 . Experimental setup and calibration

electrons 81 82 83 C2
hadrons

	

Bt B2 83 C2
muons

	

81 82 B4

fluctuations in haronic caorimeters

Photomultipliers

	

Philips XP2011 Phps

Absorber thickness

	

10 mm

	

3.2 mm
Scintillator thickness

	

2.5 mm

	

3.0 mm
Lateral segmentation

	

20x20 cm2	5 x60cm2
(9 towers)

	

(12 strips)
Calorimeter cross section

	

60x60 cm2	60x60cm2
Longitudinal segmentation EMC(1x)+

	

4 modules
HAC(4x) (1.5x)

Calorimeter depth

	

5x

	

6x

Number of readout
channels

	

36 96

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

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, B1 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

Colorimeter toil-catcher

8L

Fig . 6 . Experimental setup in the beamline and typical trigger
conditions .

beam

beam

a) Configuration 1

-WLS

Scintillator

absorber

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
additional 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
nu^.zber 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 black 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 each 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 10000 ns long gate, provided a
calibration of all calorimeter channels within 3%
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Table 2
Calorimeter parameters

G. Drews et al. / Sampling

Pb calorimeter DU calorimeter

Absorber material Pb (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)

iliXP2011



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 .

6 . The data

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)

Table 3b
Results from the lead calorimeter (configuration 2)

Table 4a
Results from the uranium calorimeter (configuration 1)

Table 4b
Results from th^ uranium caionmcier (CÛS1ngulation 2)

G. Drews et al. / Samplingfluctuations in hadronic calorimeters

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 I have been published the-e,
so only the values relevant for the present analysis are
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 uranium calorimeter are
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E
[GeV]

Hadrons

Qsumy" [~] adifVE [%] Qside 117 [%]

10 45.6±0.7 10.5±0.2 47.1±0.5
20 42.0±0.7 10.1±0.2 42.8±0 .5
30 43.7±0.7 10.2±0.2 45.0±0 .5
50 42.5±0.7 10.5±0.2 44.1±0 .5

Average 43.5 ±1.0 10.3±1.0 44.8±1.0

Electrons

QsumY L [~°] "difF [~°] QsideY E [% ]

e/h

17.3±0.4 8.1±0.2 19.4±0 .3 1.01±0.01
16.4t0.5 8.0±0.2 18.3±0.3 1.01±0.01
17.0±0.5 6.2±0 .2 18 .1 ±0.3 1 .02±0.01

17.7+0.6 8.6±0 .2 19.8±0 .4 1 .02±0.01

17.1+1 .0 8.2±1 .0 18.9±1 .0

Electrons e/h

,18.2+0.3 18.3±0 .3 25.6±0.6 1 .00±0.01

18.2±0.3 19.6±0 .3 27.0±0.6 1 .00±0.01

18.6±0.3 19.4±0.3 27.0±0 .6 1.00±0.01

19.0±0 .3 19.7±0.3 27.5 t0.6 1.00±0.01

18.5±1 .0 19.2±1 .0 26.8±1.0

E

[GeV]
Hadrons

Qsumr E [% ] QdifYE [%] QsideC[%° ]

10 35.8±0.7 10.5±0.2 37.6±0 .5
20 34.4±0.7 11.7±0.2 36.4±0 .5
30 35.6±0.7 12.0±0.2 37.6±0.5
50 37.5±0 .7 12.7±0 .2 39.3±0.5

Average 35.8±1 .0 11 .7±1 .0 37.7±1 .0

E
[GeV]

Hadrons

asumY" [^%] QdifFE [%°] QsideF[%°]

10 43.8±0.6 40.7t0 .3 59.5±1.0
20 43.8±0.6 43.5±0.3 60.2±1 .0
30 42.4±0.6 42.7±0.3 61.6±1 .0
50 43.9±0.6 42.4±0.3 60.6±1 .0

Average 43.5 ±1.0 42.3±1.0 60 .5 ±1.0

Electrons

as umYE[~°] Qd:f [~°] QsideVCt~°1

ejh

24.2±0.4 8.4±0.2 25.5±0 .3 1.12±0.01
23.9±0 .5 8.3t0.2 25.4±0.3 1.11±0.0l
24.3±0.5 8.6±0.2 25.8±0.3 1 .10±0.01
25.1±0.6 9.2±0.2 26.5±0 .4 1 .l0±0.01

24.4±1.0 8.6±1 .0 25.8±1 .0

Electrons e/h

E
,GeV]

Hadrons

Qsum~" [%] (IdifY E [% : 'QsideY

10 38.8±0.6 28.7t0 " 48.3± )
20 36 .5 ±0.6 34.6 ± 0 .3 49 .5 ± .0
30 36.4±0.6 33.9±0 .3 50.1±1.0
50 37.4±0.6 33 2t0.3 50.0±1.0

Average 37 .3 ± 1 .0 32 .6 ±1 .0 49 .5 ±1 .0

asu.VE[~] ßdifVE[~] ~sideY ."[~]

23.7±0.3 25.8t0.3 35.1±0 .3 'It .13±0.01
24.5+0 .3 26.5t0.3 36.0±0.6 1.12±0.01
24.7+0.3 26.7-,0.3 36.3±0.6 1.11±0.01
24.9±0.3 27.1±0 .3 36.8±0.6 1 .10±0.01

24.5±1.0 25.8±1 .0 36.0±1 .0
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reported in tables 4a (conf !~nration 1) and 4b (config-
uration 2). The errors incucaied in ihese iaules 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

aside = ; ( aR -1- C0 ,

where (YR and (YL 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 withF as expected for com-

pensating calorimeters. The small rise observed for
arum and aside is compatible with the known beam
momentum spread of 1% and the small rise in adif
can be explained by an energy dependence in the
beam spot width. These effects have been neglected
in the averages.

2) arum 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
uncocected for energy leakage.

4) In the case of configuration 1, arum and aside are
almost identical and much larger than adif (see also
fig. 8a) both for electrons and hadrons . In fact adif

does not vanish, due to photoelectron fluctuations .
5) In the case of configuration 2, adif and aside are

considerably increased, as expected (see fig. 8b) . In
the case of electrons, we obtain adi f = arum and aside
v2 arum thus the resolution is dominated by sampling
fluctuations. In the case of hadrons adif < arum and
Cside < F2 arum 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 :

asnmp = aside e arum = 42 .0%/V (lead case)

	

or

32.5%/F (uranium case)

a intr = Qsum e asamp = 11 .3%IV-,

	

(lead case)

	

or

18.3%/F (uranium case)

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

G. Drews et al. / Samplingfluctuations in hadronic calorimeters

7. Instirumentat 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 adi f , 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 calor..me-
ter have been determined from the width of the re-
sponse to_ a light pulser [51 and the result is ape =
6.5%/F . Since in the electron case the only additional
contribution to adif is the effect of the beam spot width,
abeam, we obtain

abeam = adifeape = 8 .6e6.5 = 5 .6°G/t%E .

Therefore abeam =1% at 30 GeV . This result is compati-
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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 ad of 0.5 cm for E = 30 GeV
(average energy) which yields

where X is the effective light attenuation length in
scintillator (X = 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. cm and an effective attenuation length of
100 cm [61 we obtain

For the measurements performed with configuration 2,
we have assumed the same beam spot widths and the
following photoelectron fluctuations :
- lead calorimeter : up, = 7.0%/F (again measured

with a light pulser),
- uranium calorimeter : ape =10.5%/F (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 teflon on the side which was not read out.

In the hadron case there is an additional contribu-
tion to adif, namely a,\ produced by transverse shower
flu-.tuations ii" the scintillator . These shower fluctua-
tio:.is result in Pnergy 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) :

= 6.0%/vfE- (lead) and 8.3%/FE (uranium) .

In the case of the uranium calorimeter, ax 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

12

Eo = 1: Ei ,
i=1

Ei 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

E=

	

E. e(i-6)nx/Aa

Due to transverse shower fluctuations, the quantity
Edif = EA - Eo has a nonvanishing width DEdif (see fig .
9 for 30 GeV hadrons) . We obtain then

a'\ .
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Fig . 9 . Edif for 30 GeV hadrons measured with the uranium-
scintillator calorimeter in the case of configuration 1 . As
explained in the text, Edi f can be used to estimate the instru-

mental effects due to the scintillator attenuation length .

This value is in agreement with the previous one within
errors . The same calculation performed for configura-
tion 2 gives a similar value for aA (7.4% instead of
7.0%), showing that transverse shower fluctuations are
strongly correlated for the two interleaved calorimeters.
We obsefl , e finally that although the attenuation length
is smaller for tine 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

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

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)

'/

	

~..� ,
o p,: E I WcI

	

obeamVLM

	

o,\VC l %l
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)

obeama 1%]

	

oX

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 :

asum = aintr ® asamp ® ape

Aside = aintr ®

	

Qsamp ® Y .̀ ape ® Abeam ® a,\,

Qdif = asamp ® Ape ® Abeam ® gX .

This is an overconstrained system of three equations
with two unknowns, aim, and asamp and the following
consistency condition :

Qsum ® adif = Aside

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 :

	

asamp = (41 .2 f 0.9)%IF

	

and
aintr = (13.4 f 4.7)%/~,

- uranium calorimeter : asamp = (31.1 f 0.9)%/ 1/Ë and
aintr = (20.4 f 2.4)%/F.

For electron showers, we obtain by the same method
(a,\ = 0) the following result :
- lead calorimeter : o~.mp = (23 .5 f 0.5)%/ FE and aintr
= (0.3 t 5.1)%/F,

- uranium calorimeter : asamp = (16.5 f 0.5)%/F and
aintr = (2.2 f 4.8)%/F.

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 fluctuation - for electrons are compatible with
EGS calculations .

The following conclusions can be drawn .
1) The energy resolution for hadrons is dominated by

sampling 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
asamp =11 .5%VAe[MV / E[GeV] ,

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

aint,Y E[%]

	

asamnFE [%1

	

U%amnFE/AE [%]

Hadrons 13.4t4 .7 41.2f0.9 11.3t0 .3
Electrons

	

0.3±5.1

	

23.5 ±0.5

	

6.4±0.2

Table 6b
Results of the uranium calorimeter (AE = 7 .2 MeV)

QintrF[%]

	

Qsam,vL I% l

	

Qsa!n,YE
Hadrons

	

20.4± 2.4

	

31.1±0.9

	

11.6±0.4
Electrons

	

2.2±4.8

	

16.5 ±0.5

	

6.1 ±0.2
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where Ac 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

asamp = 9% Ae [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 f 2.4)%/VEK as com-
pared to (13.4 t 4.7)%/F. 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%/~T [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

lead plates (10 mm thick),
- scintillator plates (3.0 mm thick) sandwiched

uranium plates (3.2 mm thick) .
We have found the following result for the
fluctuations :

asamp = (41 .2 ± 0.9)%/FE (lead)

	

and

asamp = (31 .1 f 0.9)%/VE (uranium),

and for the intrinsic fluctuations :

aintr = (13.4 f 4.7)%/F (lead)

	

and

aintr = (20.4 t 2.4)%/F (uranium) .

o~.mp =11 .5% Ae[MeV] / E[GeV] ,

Acknowledgements

with

with
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The sampling fluctuations are described by the formula

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%/F .
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