
Nuclear Instruments and Methods in Physics Research A290 (1990) 95-108
North-Holland
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We have exposed a sandwich calorimeter, consisting of 3.3 nun thick uranium plates interleaved with _' .6 mm thick scintillator
tiles, to positive and negative electrons and pions and to protons in the momentum range of 0.5 to 10 GeV/c. We find that e/h is
about 1 above 3 GeV/c, but decreases significantly Or lower momenta. This ratio is the same for positive and negative pions and
also for pions and protons of the same kinetic energy .

1. Introduction

The ZEUS Collaboration [1] is presently construct-
ing a uranium-scintillator calorimeter as the central
component for a detector at the high energy electron-
proton collider HERA. It has been shown experimen-
tally [2,3] that uranium-scintillator calorimeters achieve
compensation (equal response to electrons and hadrons)
for a correct choice of the absorber-to-readout material
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,thickness ratio [4] and an energy resolution for hadrons
of 35%/FE.Four prototype modules were constructed
and tested up to beam momenta of 100 GeV/c [5], and
the requirements on uniformity and calibration to
achieve the desired performance were studied in detail .
In this article we report measurements performed with
electrons, pions and protons, with emphasis on the
calorimeter response to low-momentum particles.
around 1 Gev/c. The aim of these measurements was to
understand the response of the ZEUS calorimeter to the
low-energy component of jets and also to provide data
which could be used to check the predictions of hadron
shower Monte Carlo programs. Similar measurements
performed by the R807 Collaboration have been pre-
sented in ref. [2].
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2. Description of the calorimeter
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The calorimeter consisted of four identical modules.
They were constructed as prototype modules for the
ZEUS forward calorimeter following the same mechani-
cal design as the final modules, except for a reduced
height . Each module consisted of four 20 X 20 cm-
towers and was segmented longitudinally into an elec-
tromagnetic part (EMC, 1 A thick) and two hadronic
sections (HAC1 and HAC2, each 3 A thick). The EMC
part was further segmented into four 5 x 20 cm2 sec-
tions in the transverse direction .

The sandwich structure of the calorimeter consisted
of 3.3 mm thick depleted uranium plates (DU) inter-
leaved with 2.6 mm thick scintillator tiles (SCI) of the
SCSN-38 type . The DU plates were clad with 0.2 and
0.4 mm of stainless steel in the EMC and HAC sections,
respectively. The SCI tiles were wrapped in Tyvek paper
with a printed black pattern, to achieve a good readout
uniformity . The first EMC layer was an aluminum
plate, 15 mm thick, followed by a SCI plate and 25
DU-SCI layers. After DU plates 3 and 6, a 10 mm
deep gap was instrumented with arrays of 10 cm2 silicon
diode detectors in order to improve the electron-hadron
separation . Each of the two HAC sections consisted of
80 DU-SCI layers . The total thickness of a DU-SCI
layer was 7.6 mm in the EMC and 8.0 mm in the HAC.
In order to avoid any pressure on the scintillator, the
DU plates were kept at distance by tungsten-carbide
spacers located at the corners of the 20 x 20 cm2 towers .
Their cross-section was 5 x 6 mm2 in the EMC a.-)d
5 x 10 mm2 in the HAC.

Each section was read out on the left and right side
by the wavelength shifter plates (WLS), light guides
(LG) and photomultipliers (PM) . The WLS plates were
2 mm thick and consisted of PMMA doped with Y7 in
a concentration of 45 ppmor 30 ppm for EMC or HAC
sections, respectively . The uniformity of the WLS re-

80 (r,

Fig. 1 . View of the calorimeter arrangement in the test beam
area, showing module, tower and section numbering .

Table 1
Main calorimeter parameters

Number of readout
channels 128
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sponse was achieved with end and back reflectors . The
PMs were of the type XP2972 and XP2081 from Valvo
for EMC and HAC sections, respectively .

These four modules formed a calorimeter of 80 x 80
cm2 cross-section and 7A thickness (see fig. 1) . The main
calorimeter parameters are summarized in table 1 . More
details about the mechanical structure of the calorime-
ter can be found in ref. [5].

3. Experimental setup

The measurements were performed in the T7 beam
of the CERN-PS. The experimental setup is shown in
fig. 2. It consisted of four scintillation counters (B1 to
84) to define the beam and two Cherenkov counters
(C1 and C.2) for particle identification . The dimensions
of the B1 and B2 counters were 10 x 10 cm2 and B3 was
a 80 x 80 cm2 veto counter, with a 3 cm diameter hole
in the centre, used to reject beam halo particles. The B4
counter, located behind the calorimeter, was used to
trigger on muons. Both Cherenkov counters were filled
will' C02 and two pressure values were used : the first,
pr i , was optimized for electron-pion separation and the
second, pr`, for pion-proton separation (see section 6) .

EMC HAC

Absorber material Depleted uranium (DU)
Absorber cladding stainless steel
Readout material SCSN-38 scintillator (SCI)
DU thickness [mm] 3.3 3.3
Cladding thickness
[mm] 0.2 0.4

SCI thickness [mm] 2.6 2.6
Effective Xo (mm] 7.4 7.6
Effective X [mm] 210 207
Effective RM [mm] :20.2 20.0
Effective density
[g/cm3] 8.7 8.7

Transverse
segmentation 5 x20 cm2 20 x20 cm2

Longitudinal HACI (3.09h)
Segmentation 25.9Xo (0.96X) HAC2 (3.09X)

Total length [cm] 24.1 128.0
Total cross-section 80 x80 cm2 80 x80 cm2
Optical readout 2mm thick WLS plates

+ light guides
WLS material PMMA +Y7 PMMA+Y7

(45 ppm) (30 ppm)
Photomultipliers XP2972 XP2081

(Valvo) (Valvo)
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Fig. 2. Experimental setup in the beamline and trigger condi-

Typical trigger conditions are also indicated in fig. 2.
The time of flight (TOF) of beam particles between the
counters BI and B2 was measured by a TDC. Since the
distance between these counters was 9.2 m, it was
possible to separate protons from pions up to momenta
of 2.5 GeV/c (see section 6) .

In evaluating the response of the calorimeter to low-
energy particles the materials in front of it traversed by
beam particles must be taken into account. These
materials consisted of : the window of the vacuum pipe,
the front and back windows of the two Cherenkov
counters, about 1 .5 cm of scintillator, about 5 m of air
and about 8 m of C02 inside the Cherenkov counters
(the pressure used at low momenta eras 0.8 atm) . We
estimate the dE/dx losses of minimum ionizing par-
ticles (mips) before reaching the calorimeter to be about
8 MeV.

The electronics used in this test was similar to the
final electronics of the ZEUS calorimeter and has al-
ready been described in detail in refs . [1] and [6] . The
main elements are summarized below.

The PM signals were connected to (see fig . 3a):
- a do coupled integrator used to measure the current

induced by the uranium natural radioactivity (UNO
signal),

L ight
irrieCt~~ v

I

charge
injector

Analog card

Fig. 3a . Readout electronics .

dlgitol
cord

Time
Fig. 3b . PM pulse after shaper with the five samples.

- an ac coupled shaper whose output was sameled five
times every 96 ns, corresponding to the frequency of
the HERA bunch crossing (see fig. 3b). The samples
were pipelined by LeCroy MVV200 CCDs * .

Integrators, shapers and CCDs were mounted on
front end cards (analog cards) containing 12 channels
each. These analog cards, installed just behind the
calorimeter, were connected to the PMs by 2 m long
cables . Both the UNO signals and the pulse samples
were multiplexed and digitized by 12-bit VME ADCs
(digital cards) connected to the analog cards via 40 m
flat twisted-pair cables . The ADCs were read out by a
computer based on a Motorola 68020 microprocessor .
The total number of readout channels was only 144
since the readout electronics for module 4 was not
available .

The five pulse samples, Ho to H4 , were used to
reconstruct the charge deposited in each calorimeter
channel and also the time of the signal . The time f = 0
was defined as the time at which H, = H, . At 1-l'F1tA
the readout will be synchronized with the beam crossing
so all events arrive at t = 0. This was of course not
possible during the test since events arrived randomly in
time relative to the CCD sampling clock. The charge
reconstruction used the quantity

H=(Hl -Ho )+C(H2 -Ho ),

with C
(dH/dt)l
(dH/dt) 2
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The constant C is the ratio of slopes at the position of
samples 1 an® 2 for events arriving at t = 0. The quan-
tity H defined in this way is insensitive to small time
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and H`, were i . sed to reconstruct the charge . The first
sample, H(,, was used as a pedestal . and the last two
samples, H3 and H4 were used for pulse-shape and
pileup studies . The reconstructed charge Q was a non-
linear function f of H since the response of the CCDs

The CCDs will be replaced by a switched capacitor delay
linen the final version of the electronics .
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Fig. 4. Sum of all calorimeters channels for random triggers
with the HV at 400 V (showing only electronic noise) and at

nominal value (showing electronic and uranium noise) .

was nonlinear. The function f was determined by charge
injection at the input of the shaper (see fig . 3a) and was
used to correct H and the individual samples:

Q=f(H) and Q;=f(H,-Ho) (i=1,-,4) .

The time T was reconstructed from the first sample and

The constant C1 was adjusted so that T= 0 for t = 0
and T was used to adjust the time scale. The constants
C, C1 and T were obtained from charge injection runs.

The formulae described before for Q and T are valid
only for events around t = 0. Therefore an additional
correction was performed, depending on the real time of
the event. The real time, t, was measured by a TDC
started by the beam trigger and stopped by the CCD
sampling clock.

The total calorimeter rms noise (144 channels) was
measured with random triggers and amounted to 2.41
pC (150 MeV electron equivalent energy). This noise is
dominated by the fluctuations of the uranium radioac-
tivity. The electronic noise was measured to be 0.66 pC
(40 MeV) as shown in fig . 4.

The calibration of the calorimeter channels was
achieved with the help of :
- charge injection measurements performed every 24 h,
- uranium radioactivity measurements performed every

8 h,
- an electron calibration cycle performed at the begin-

ning of the test .
The aim of the charge injection runs was ±o correct

for the nonlinearities in the response of the CCDs, to

0.8
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Fig. 5. Energy resolution for 10 GeV/c pions and e/h as a
function of the intercalibration parameter a .

calibrate the pipeline part of the readout and finally to
determine the constants C, Ct and T introduced in the
previous section.

The calibration of the EMC channels was obtained
from a scan with the 5 GeV/c electron beam incident at
the centre of all EMC sections . It was shown in ref. [5]
that the current induced by the uranium natural radio-
activity (UNO signal measured via integrators) can be
used to trace PM gain variations within 1 % and there-
fore keep the quality of the initial electron calibration
during all the test . It was also shown that the UNO
signal also provides a relative calibration of the HAC
channels with 1 % precision.

The intercalibration between EMC and HAC chan-
nels was obtained by choosing the intercalibration
parameter a defined by

E= EFMC + aEHAC

which gives e/7r = 1 for p = 10 GeV/c. The value of a
obtained in this way provides also an optimum frac-
tional energy resolution for hadrons (see fig. 5) . It was
shown in [5] that e/ir is independent of momentum at

At(ns)
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Fig. 6. TOF measured between the beam counters B1 and B2 .
The figure shows the difference in TOF between hadrons
(protons or kaons) and pions. The limit to resolve the hadron

peak from the pion peak is 2 ns .
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Fig. 7. TOF spectra for various beam momenta and both beam polarities .
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where mh, m, and I., are the hadron mass, the pion
mass and the beam momentum. The quantity At is
plotted for kaons and protons versus p in fig. 6. The At
spectra are displayed for beam momenta of 0.5, 1, 2,
and 3 GeV/c and for both beam polarities in fig. 7. We
observe that the TOF measurement had a resolution of
about 0.5 ns and therefore provided a clear proton-to-
pion separation up to 2.5 GeV/c. As seen in fig . 7, the
proton and the pion peaks cannot be resolved at 3
GeV/c. We see no evidence for antiprotons in the
beam, up to 3 GeV/c.

The pressure of the two Cherenkov counters was set
for each beam momentum at two values, pr, and pre,
optimized for electron-to-hadron and pion-to-proton
separation, respectively . These pressure values are
plotted versus beam momentum in fig . 8. The threshold
pressure is

m 2

Prtn

	

pro(h )

	

»mp (p h)+

where pro = 1220 atm for C02 , as indicated in fig . 8 for
muons, pions, kaons and protons. As the maximum
allowed pressure was 4 atm, no kaon-proton separation

05

	

1

	

2 3 5 7 10
p(GeV/c)

-- pr?

-pr,

Fig. 8. Threshold pressures for muons, pions., kaons and pro-
tons in C02 as a function of the particle momentum . The
pressures pr y and pre used for particle identification are in-

dicated.

was possible. The two Cherenkov counters were filled
with C02 at the same pressure, and therefore it was
possible to check their relative efficiencies which are
reported in table 2 for the different beam momenta. The
Cherenkov counters provided a clear electron-to-hadron
separation except at the highest momentum.

The calorimeter itself provided a clear electron-to-
hadron separation for p >_ 3 GeV/c. We defined the
quantity

la cal - ( Ecal - Eemc )/p ,
where Ecal and Eemc are, respectively, the total calorim-
eter signal and the signal measured in the EMC section
where the beam was incident . The Acal spectra are
displayed in fig . 9 for various beam momenta. Hadrons
were selected by the cut Acal > A c�t . The Ac., values, the
electron rejection achieved with this cut . rcal(e), and the
hadron efficiency, Ecal(h), are reported in table 3 for the
different beam momenta.

By combining the information of the TOF, the
Cherenkov counters and the calorimeter signals, pure
samples of electrons, pions and protons were isolated

Table 2
Efficiency of the Cherenkov counters C1 and C2 for the two pressure values pr, and pr e. The efficiency for electrons is given for pr,
and the efficiency for hadrons for pr e

p
[GeV/c]

Prl
[atm]

Pr2
[atm]

E i (Pr,)
1%]

'E2 (Pr,) E, (pr2) E2 (pr,)

0.50 0.8 - 80 95 - -
0.75 0 .8 - 7, -7 96 - -
1 .00 0 .8 - 77 97 -
1 .50 0.8 - 77 97 - _
2.00 0.8 - 78 97 - -
3.00 0.8 3.9 79 96 96 99
5.00 0.8 2.5 72 91 96 99
7.00 0.4 2.5 71 67 98 99
10 .00 0.2 2.5 25 17 98 98

100 ZEUS Calorimeter Group / Response ofa uranium

the level of 1% in the range 10-100 GeV/c, as expected 100
for a compensating calorimeter . 50

pdoim)

6. Particle identification 10
5

Particle identification was provided by the time-of-
flight measurement, the Cherenkov counters and the 1
calorimeter itself. 0.5

The TOF measurement was performed with the scin-
tillation counters B1 ar.d B2, separated by a distance L 0.1
of 9.2 m as explained in section 3. The TOF difference
between hadrons and pions is
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Cherenkov counters .

for all beam momenta. The contamination of these

	

the calorimeter. The beam composi;Jon * is reported in

samples is discussed in the next section.

	

table 4. At low momenta the beam was dominated by

electrons and positrons. whereas at high momenta
hadrons, especially protons, were dominant .

The hadron content of the beam was estimated using
the cross-sections given in ref . [7] . The predicted frac-

The beam used in this test was produced by 24
GeV/c protons impacting on a 7 cm long tungsten
target . This target was located about 30 m upstream of

	

The pion samples contain about 5% muons.
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r= 1 - exp(- Lb ),
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Table 3
Electron rejection rcal(e) achieved with the calorimeter cut

kcal >Ac., The hadron efficiency of this cut, ecal(h), is also
shown

tions of protons and pions are in qualitative agreement
with the measured ones . The predicted fractions of
kaons and antiprotons are reported in table 5 and will
be used for background estimates. The decays of pions
and kaons in the bearnline were taken into account. The
decay in flight probability is

where Lb = 30 m and

	

d is the decay length (56
m (GeV/c) -1 for pions and 7 m (GeV/c)-1 for kaons) .
The factor r for pions and kaons is also shown in table
5 . The ab;ience of kaons at low momenta is explained by
this decay, factor . We observe that for p >_ 3 GeV/c,
about 2% of the hadron bean was duo to kaons and
antiprotons. This value is in agreement with the ob-
served number of particles tagged as "protons" by the
Cherenkov counters for the negative polarity of the
beam.

An en :rgy scan was performed with the beam inci-
dent on the centre of EMC section 7 in module 2 (see
fig . 1) in the momentum range of 0.5 to 10 GeV/c. The
data were taken for both beam polarities and, above 3
GeV/c, for the two values of the Cherenkov pressure
mentioned in section 6. The particle selection criteria
are summarized below

Table 4
Beam composition

- Electrons: a signal above threshold was required in
both Cherenkov counters, C1 and C2 (pressure prl ),
and an additional cut was applied in Ac., (see section
6).

- Pions: it was required, no signal in the Cherenkov
counters (pressure pr1 ) for p < 3 GeV/c, but a signal
above threshold (pressure pre ) for p >_ 3 GeV/c. The
calorimeter cut A.,>ac, was used for all beam
momenta. In addition, a TOF measurement compati-
ble with pions for p < 3 GeV/c was required . A
simple shower topology cut using the correlated sig-
nal in the HACI and HAC2 sections was used to
reject muons.

- Protons: for p < 3 GeV/c, aTOF measurement com-
patible with protons was required . For p z 3 GeV/c,
no signal in the Cherenkov counters (pressure pre)
was demanded, in addition to the calorimeter cut
®cal > ®cut

VVe estimate the contamination of the electron sam-
ple after cuts to be about 0.1%. The pion sample is
contaminated by electrons. This contamination was
calculated from the efficiency of the Cherenkov coun-
ters and calorimeter cut :

ne - (1 - E1(Pr1))(1 - E2(PrO)( 1 - rcal(e)) fl,
for

	

p<3 GeV/c,

ne - ~1 - r`al(el \_

	

fe

	

for

	

p' 3 CeV/c,

Table 5
Kaon and antiproton content of the beam, relative to protons and pions, as predicted by the model of ref. [7] . The decay probabilities
in the beamline of pions and kaons, r� and rK are also indicated

+ P)l ,7r
_

P
[GeV/c]

4 cut

[pC/GeV]
rc,,I(e)
[%]

E,,., (h)
[%]

0.50 -7.5 1 .2 99.3
0.75 -5.0 1 .9 99.4
1.00 -2.5 5.3 99.4
1.50 -1 .0 6.5 99.7
2.00 0.0 12 .0 99.6
3.00 3.0 89 .8 97 .9
5.00 3.0 96.2 99 .0
7.00 3.0 99.0 98 .6
10.00 3.0 99.0 99.0

P
[GeV/cl

r~ rK K+
l~

t

[`~l
K+1P
[

K /7r

[%l
P/ir
[%l

(K
[%l

1 .00 0 .41 0.99 - 0.3
2 .00 0.23 0.88 0.9 3 .7 0.4 - 0.4
3.00 0.16 0.76 2.0 6.1 1 .1 0.1 1.2
5 .00 0.10 0.58 3.9 6.3 1 .9 0.2 2.1
7.00 0.07 0.46 5 .2 5.2 1 .9 0.3 2.2
10 .00 0.05 0.35 8.3 3.3 1 .3 0.2 1 .5

P
[GeV/c]

fe ` fe -
]

frI

[%]

fa -
[

fP

0.50 44.6 45 .5 4.7 4.6 0.5
1.00 39.8 44 .1 6.5 7.1 2.5
1.50 36.5 33 .9 12 .0 11 .8 5.9
2.00 27.2 30.2 16 .9 17.6 8.1
3.00 17.5 16.7 30.0 23 .7 12 .0
5.00 6.1 5.6 40.2 24 .9 23 .2
7.00 2.1 1.6 36.8 20 .4 39.0

10 .0 0.3 0.2 27.3 11 .7 60.5



Table 6
Contamination of pion and proton samples . The contamina-
tion of pions by electrons and of protons by pions are calcula-
tions taking into account the efficiency of the Cherenkov
counters . The contamination of protons by kaons is a predic-
tion obtained from the theoretical model of ref . [7)

P

	

n .-In,, , n.-/n � _ n,,./n, nK -/n .
[GeV/c) [
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50 100 150 200
Calorimeter signal tpc)

C
0

m

0

where c l and E 2 are the Cherenkov efficiencies, r6II, the
calorimeter cut efficiency for electron rejection and f,
f, are particle fractions (see tables 2, 3 and 4). The
contamination values calculated for both beam polari-
ties are given in table 6 . The contamination of the
proton sample is about 0.1% below 3 GeV/c. Above
this value, the proton sample is contaminated by pions
and kaons . The contamination by pions is

n
n

	

= (1 - el( Prz))( 1 - E2( Pr2))Lp

	

p

The contamination by kaons, n K/n p , was obtained
from the predicted values of table 5 . A summary of the
contamination estimates for the proton sample is also
included in table 6.

50 100 150
Calorimeter signal (pc)

Calorimeter signal (pc)

P

200

50 100 150 200
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Fig . 10. Pulse-height distributions for e + , e - , m + , -a - and p of momenta from 1 to 10 Gel!/c . All calorimeter channels have been

summed up and Gaussian fits are overlayed . The distributions are normalized to the same number of events .

0 .50 9.4 9.8
0.75 6.8 6 .8
1 .00 4.0 4 .1
1 .50 2.0 1 .9
2 .00 0.9 1 .0

3 .00 5 .8 7 .0 2.5 (6.1)
5 .00 0.6 0.9 0.1 (6.3)
7.00 0 .1 0.1 - (5.2)
10.00 - - - (3 .3)
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8. Energy resolution and e/h

The pulse-height distributions of electrons, pions
and protons selected according to the criteria presented
in section 7 are shown in fig. 10 for beam momenta of
1, 3, 5, 7 and 10 GeV/c. The pulse-height distributions
for p = 0.5 GeV/c are also shown in fig. 11 . These
distributions were obtained by summing the charge
deposited in all 144 calorimeter channels. We observe
that all distributions are well represented by Gaussian
functions even for the lowe~it momentum of 0.5 GeV/c .

The average values and fractional energy resolutions
obtained from the Gaussiani fits of all distributions are
given in tables 7 and 8 . The most relevant features
contained in these tables are listed below.

(1) Electrons and positrons yield the same calorime-
ter response within statistical errors (see fig. 12a) . This
response is also linear with deviations 8 smaller than 1%

400

N
Cd
W

150

rC
N
W
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Fig. 11 . Pulse-height distributions for e + ,

_-. . . `

	

.s.-._
-10 0 10 20 30

Calorimeter signal (pc)

25 r

e+

(see table 7) except for the lowest momentum (0.5
GeV/c) where the sensitivity to small pedestal shifts is
significant. These results are in agreement with Monte
Carlo calculations performed with the EGS4 Monte
Carlo generator [8] .

(2) The fractional energy resolution for electrons is
17.5%/VFp (only the response to three EMC sections,
containing 99% of the deposited energy, is considered,
see fig. 12b) . This result is in agreement with previous
measurements [5] and with EGS4 calculations assuming
a contribution of about 9%IFE from photoelectron
statistics. If the response of the whole calorimeter is
considered, the resolution is degraded at low energies
due to a noise contribution of 15%/p (see fig. 12b).

(3) Pions of both polarities give the same calorime-
ter response, at least down to beam momenta of 0.5
GeV/c (see fig. 13a) . The %r ratio is about 1 for p z 3
GeV/c but decreases significantly for lower momenta .

400
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N
W
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~L __
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Calorimeter signal (pc)

01~ .
-10 0 10 20

Calorimeter signal (pc)

é

-10 0 10 20 30
Calorimeter signal (pc)

P

30

e+ , -rr + , ar - and p of 0.5 GeV/c momentum . All calorimeter channels have been summed
up and Gaussian fits are overlayed.



Table 7
Average response and energy resolution for electrons
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The fractional energy resolution is also similar for both
polarities and about 34%/r for p z 2 Gev/c, with a
significant decrease at low momenta (see fig. 13b) .
These results are also consistent with previous measure-
ments [5] .

(4) The e/h ratio and the fractional energy resolu-
tion are very different for protons and pions, when
evaluated at the same beam momentum (see fig. 13a
and b), but are similar when evaluated at the same
kinetic energy (see fig . 14a and b) .

The response of the calorimeter at low energies shown
in fig. 14a can be qualitatively understood : since the
interaction length for pions is 1 .2,\ and dE/d x losses
for minimum ionizing particles (mips) are 200 MeV/a

[9], pions with kinetic energies below 250 MeV lose their

.--------------------------------------- ~r_e,

-_______-________v__________

energy almost completely by ionization before undergo-
ing any hadronic interaction . This effect is further in-
creased if the d E/dx low Q rise, which starts below 200
MeV (see fig . 15 and ref . [10]), is taken into account .
Therefore a ratio
e e
?
-

mip

is expected below a kinetic energy of about 300 MeV.
The e/mip value is 0.62 according to EGS4 calcula-
tions . This effect occurs both for pious and protons .

As commented in section 3, dE/dx losses in the

matter located in front of the calorimeter mu.,t be taken
into account at very low momenta . They represent only
about 3% of the total kinetic energy for p =1 GeV/c
protons but 20% for p = 0.5 GeV/c protons . The e/h

3- . c

r-- noise

p (GeV/d

105

p (GeVld
Fig . 12 . (a) Linearity of the electron response. (b) Energy resolution for electrons (1) with all calorimeter sections summed up and (2)

with only three EMC sections summed up. The total calorimeter noise is indicated .

p [GeV/c] (E)lp [pC/GeV]
All sections

81%] (al(E))r [`~]
All sections

(v1(E))Vp_ (%]
3 EMC sections only

+0.50 16.40±0.12 +1 .6 27.4±0 .3 18.4±0.2
+0.75 16.20±0.08 +0.4 24 .3 ±0.4 17.4±0.2
+1.00 16.00±0.07 -0.8 23.1±0 .3 17.5±0.2
+1.50 15.93±0.05 -1.3 22.0±0 .3 18.1±0.2
+2.00 16.04±0.04 -0.6 19.4±0.2 16.4±0 .2
+3.00 16.18±0.03 +0.3 19.9±0.3 17.9±0.2
+5.00 16.16±0.03 +0.1 18.9±0.3 17.9±0.2
+7.00 16.15±0.02 +0.0 18.9±0.3 17.9±0.3
+10.0 16.17±0.04 +0.2 17.6±0 .6 16.5±0.5

-0.50 16.50±0.12 +2.3 27.3±0.3 18.4±0 .2
-0.75 16.11±0.08 +0.0 24.4±0.3 17.9±0 .2
-1.00 15.98±0.06 -0.8 23.4±0.3 17.2±0.2
-1.50 16.07±0.05 -0.3 21 .4±0.3 17.3±0.2
-2.00 16.08±0.04 -0.2 19.4±0 .3 17.4±0.2
-3.00 16.16±0.03 +0.2 20.0±0 .3 17.9±0.2
-5.00 16.23±0.02 +0.7 18.5±0.3 17.9±0.2
-7.00 16.17±0.02 +0.3 18.4±0.3 18.2±0.2
-10.0 16.17±0.02 +0.3 17.2±0.4 16.6±0.3
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2 .0

e/h
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a

. e,/P
" eyrt"

e7rt-

° ~I______________________

5 .0 10 .0

	

0 .5 1 .0

	

5 .0 10.0
p(GeV/d p IGeV/c)

Fig. 13 . (a) e/h as a function of the beam momentum for protons and pions . All calorimeter channels are summed up . (b) Energy
resolution for hadrons as a function of the beam momentum. All calorimeter channels are summed up .

Table 8
e/h ratios and energy resolution for pions and photons

30 .0

20 .0

40 .0

values before and after correction for these energy losses
are shown as a function of kinetic energy in tables 9a
and 9b . The values displayed in fig . 14a are the cor-
rected ones.
We note finally that the shift in e/ir and e/p due to

contamination of the hadron samples by electrons and
kaons is very small (see table 10), typically below 1%.
We estimate the total systematic error of our measure-
ments to be about 2% . This value includes calibration
errors and uncertainties in the contamination of the
event samples .

The energy fractions deposited in the different
calorimeter sections (EMC, HAC1, HAC2) by protons
and pions of both polarities are given in table 11 and
fig. 16 versus beam momentum. The energy deposition
of protons and pions are very similar for beam momenta
above 2 GeV/c . Below this value, the dE/dx rises for
protons (see fig . 15) and therefore all the energy is
absorbed in the EMC sections by ionization .

b

(b'

t__A ___ __
34 /. /Fp

_B _-9_11----- _

	

___è___ _

34%/J[k
$

0 .5 1 .0

	

5 .0 10 .0

	

. .

	

G .S I .r

	

5 .0 10 .0

E,(Gev)

	

E k(GeV )
Fig . 14 . (a) elh as a function of the kinetic energy for protons and pions. The electron values have been scaled assuming a perfect
Lnearity of the calorimeter response and the hadron values have been corrected for energy losses in front of the calorimeter. (b)

Energy resolution for hadrons as a function of the kinetic energy . The total calorimeter noise is indicated .

P
[GeV/c]

e/ir elp (al(E))Vp
Pions [%]

(ol(E))r
Protons [

+0.50 0.82±0.01 2.90±0.16 25.9±0.4 58.2±3.2
+0.75 0.84±0.01 1.81±0.04 27.7±0.4 36.5±1.3
+1110 0.87±0.01 1.52±0.02 30.5±0.3 32.9±0.6
+1 .5(') 0.93±0.01 1.43±0.01 33.3±0.3 37.2±0.6
+2.00 0.96±0.01 1.38±0.01 33.9±0.3 38.5±0.7
+3.00 0.98±0.01 1.27±0.01 32.8±0.5 39.7±0.5
+5.00 1 .00±0.01 1.18±0.01 34.5±0.5 39.0±0.5
+7.00 1 .01±0.01 1 .14±0.01 34.6±0.5 37.8±0.5
+10.0 1.00±0.01 1 .10±0.01 33.2±0.5 36 .9+0.5

-0.50 0.83±0.01 25.6-r0.6
-0.75 0.88±0.01 29.5±0.5
-1 .00 0.90±0.01 32.3±0.5
-1 .50 0.95±0.01 31.2±0.5
-2.00 0.99±0.01 34.6±0.5
-3.00 1 .00±0.01 32 .4 2:0 .5
-5.00 1.01±0.01 33.60.5
-7.00 1.02±0.01 34.3±0.5
-10.0 1.01±0.01 32.8±0.5



9. Summary
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Fig. 15 . d E/dx losses in scintillator as a function of particle
momentum for tL, ir, K and p .

We have measured the response of a sandwich
calorimeter, consisting of 3.3 mm thick uranium plates
interleaved with 2.6 mm thick scintillator tiles, to elec-
trons, pious and protons in the momentum range of 0.5
to 10 GeV/c. We have found the following results :
(1) the electron response is linear within 1 % in the

HAD

EMC

±
HAC2

0.5

	

1

	

2

	

3

	

4 5 6 7

	

10
p (GeVld

Fig. 16 . Energy deposition by protons and pious in the differ-
ent calorimeter sections as a function of the beam momentum .

Table 11
Fraction of energy deposited in the different calorimeter sec " > .)ns

p [GeV/cl

	

A," [% ]

	

fI,- 1%]

Table 9
e/h ratio for positive pions (a) and for protons (b) as a
function of kinetic energy before and after correcting for
energy losses in front of the calorimeter

Table 10
Shift in e/rr and elp due to contamination
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Ek
[GeV]

e/7r
measured

e/ir
corrected

0.38 0_62±0 .01 0.61 ±0.01
0.62 0.70±0.01 0.69±0.01
0.87 0.76±0.01 0.73±0.01
1 .37 0.85 ±0.01 0.85 ±0.01
1 .86 0.90±0.01 0.90±0.01
2.86 0.94±0.01 0.94±0.01
4.86 0.97±0.01 0.97±0.01
6.86 0.99±0.01 0.99±0.01
9.86 0.99±0.01 0.99±0.01

elp elp
measured corrected

0.12 0.72±0.04 0.58±0.04
0.26 0.63 ±0.01 0.60±0.01
0.43 0.66±0.01 0.64±0.01
0.83 0.79±0.01 0.78±0.01
1 .27 0.88±0.01 0.87±0.01
2.21 0.93±0.01 0.93±0.01
4.15 0.98±0.01 0.98±0.01
6 .12 1.00±0.01 1.00±0.01
9 .11 1 .00±0.01 1.00±0.01

section EMC HAC1 HAC2 EMC HAC1 HAC2 EMC HACI HAC2

~, en -r, ^~ 7G 1 ^f2. .
1 7â, ., .-. 14.7 t 9 96 n 3_0 1 .0

v. .w

0.75
11 .1

64.2
w.~

34.9 0 .8 63.9 34.9 1 .2 95.4 4 .2 0 .4

1 .00 59 .7 39 .8 1 .5 60 .0 39 .7 1 .3 92 .1 4 .4 3 .4

1 .50 55 .5 41 .5 3 .0 56 .0 4 11 .3 1 .7 61 .0 37 .7 1 .3

2 .00 53 .5 43.7 2 .8 54 .8 42 .2 2 .7 54 .1 43 .9 2 .0

3 .00 46.0 51 .4 2 .6 44.4 52.6 3 .0 47 .6 49 .8 2 .6

5.00 40.1 55 .1 4 .8 40.7 54.7 4 .6 40.6 54 .1 5 .4

7.00 36 .4 57.2 6 .4 36.8 57 .2 6 .0 36 .7 56.7 6 .6

10 .0 32 .0 59.2 7 .9 32.1 59 .8 8 .1 33 .5 58 .9 7 .6

p
[GeV/cl

S(elir)
[%]

Cr(e/p)
[%l

0.50 -1 .7
0.75 -1 .1
1 .50 -0.5
1 .00 -0 .1
2 .00 -0.4

3 .00 -0.1 +1 .2
5 .00 - +0.6
7.00 - +0.4

10.00 - +0.2
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momentum range considered and there is no signifi-

cant difference between the response of e + and e - ;

(2) the energy resolution for electrons is 17 .59 /

over the whole momentum range ;

(3) the response for iT + and ir - is similar down to 0.5

GeV/c . The e/fr ratio approaches 1 for p >_ 3

GeV/c and the e/mip value of 0.62 at the lowest

momenta ;
(4) the energy resolution for pions is 34%/r for

p ? 2 GeV/c with some improvement at lower
momenta;

(5) protons give the same response as pions for the

same value of the kinetic energy .
These results are in good agreement with those pub-

lished in ref . [2] .
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