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a b s t r a c t

The response of the ZEUS sampling calorimeter has been studied over a period of 17 years using a

moving 60Co source. The aim was to monitor the stability of the calorimeter with respect to radiation

damage, ageing and mechanical damage. The measurements started in 1990 during the installation of

the first calorimeter modules and ended in 2007 after the last HERA run. Within the experimental

uncertainties, the longitudinal uniformity of the polymethylmethacrylate (PMMA) based wavelength

shifters (Y7) did not change. There is also no evidence for radiation damage in the polystyrene (PS)

based scintillators (SCSN-38) due to particle losses of the electron and proton beams. On the other hand,

the investigations clearly indicate that the attenuation length of the SCSN-38 scintillators decreased

continuously over the years. A comparison with data obtained from a test calorimeter showed that the

same effect observed in the ZEUS calorimeter after 17 years would require a uniform exposure of all

scintillators by a dose of ð2:8� 1ÞkGy of g rays. However, it can be excluded that the degradation

observed in the ZEUS calorimeter can be attributed to the radioactivity of the uranium plates of the

calorimeter. Thus we expect that the decrease of the attenuation length is due to ageing of the

scintillators. The ageing effects observed in SCSN-38 are compared to data taken from the literature.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

The task of the ZEUS detector at the lepton–proton collider
HERA at DESY was to provide highly reliable and precise data of ep
final states for a period of more than 15 years. A main component
of the ZEUS detector was the high resolution sampling calorimeter
consisting of alternating layers of depleted uranium (DU) and
plastic scintillator tiles, which were read out by wavelength
shifting light guides and photomultipliers. During the running
period of HERA, the ZEUS experiment required a precise
measurement of particle energies from ep scattering with an
calibration accuracy of �1%. In order to guarantee a stable
detector performance over the running period of more than 15
years questions concerning ageing and radiation resistance of the
scintillators and wavelength shifters (WLSs) but also concerning
the durability of electronic components had to be addressed.
Besides radiation from the DU plates radiation due to particle
losses was of concern especially for components close to the
circulating beams. Several active and passive monitoring systems
were therefore installed, for example an automatic beam dump
ll rights reserved.

tion, Science, Research and

D-22607 Hamburg, Germany.
system, in operation since the luminosity upgrade of HERA in
2000, to prevent high radiation doses from beam background [1].
Since the start-up of ZEUS a movable point-like g source (60Co)
was employed to investigate the uniformity of the calorimeter [2].
This monitoring system was used during the installation phase for
investigations of the complete ZEUS forward and rear calorimeter
in the years 1990/91, and furthermore during most of the
maintenance periods on selected calorimeter components espe-
cially those close to the HERA beam pipe. No variation in the
uniformity of the ZEUS calorimeter was observed, thus no
irradiation damage induced by the beams could be detected.2

But indications for a slight degradation of an optical parameter of
the scintillators led to special investigations in the maintenance
periods 1999, 2001, 2003 and after the end of operation of HERA,
in 2007, which show that the attenuation length of the SCSN-38
scintillators of the ZEUS calorimeter decreased continuously
within these 17 years of observation.
2. Description of the ZEUS calorimeter

The ZEUS sampling calorimeter was sectioned into the forward
calorimeter (FCAL), which was installed in the proton direction,
2 However, severe radiation damages were detected by measurements with

the 60Co monitoring system in several additional calorimeter components of the

ZEUS experiment [3].

www.elsevier.com/locate/nima
dx.doi.org/10.1016/j.nima.2008.10.035
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Fig. 1. Top view on a calorimeter section scanned by a 60Co source (bottom) and

the response function as a function of the source position (top).
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the barrel calorimeter (BCAL), which cylindrically surrounded the
tracking devices and the rear calorimeter (RCAL) which was
installed in the electron direction. The calorimeter had a modular
structure consisting of 80 modules in total. F/RCAL were separated
into left and right halves and could be retracted sideways. The
F/RCAL modules were transversally subdivided into towers with a
cross-sectional area of 20� 20 cm2. Thirty-two identical modules
surrounded as so-called BCAL the tracking devices which varied
in width from 24 cm at the front to 43 cm at the outer radius.
The transverse subdivision of the BCAL into towers was similar to
F/RCAL. The calorimeter modules were subdivided longitudinally
into electromagnetic sections (EMC) and hadronic sections (HAC).
The electromagnetic sections are vertically subdivided in two and
four sections for RCAL and FCAL, respectively. The sections at the
top and bottom of the calorimeter had no vertical subdivision of
the electromagnetic sections (HAC0).

The 5917 sections of the calorimeter consisted of alternating
layers of absorber and scintillator material configured in a
sandwich construction. The absorber material was DU, which
has a density of � 19 g=cm3. Each uranium layer with a thickness
of 3.3 mm was embedded in a thin steel box (0.2 mm for
electromagnetic and 0.4 mm for hadronic sections). Polystyrene
based plastic scintillators (SCSN-38, see Ref. [4]) with a thickness
of 2.6 mm were used as the active material. The size of the
scintillators was 49:4� 191 mm2 for the electromagnetic section
(EMC), and 199:4� 186 mm2 for the first hadronic section (HAC1),
and 199:4� 181 mm2 for the second hadronic section (HAC2). The
scintillators were wrapped in Tyvek paper with a reflection
pattern to compensate the non-uniform response at the edge
of the scintillator. Each calorimeter section was connected with
the right and left WLS based on polymethylmethacrylate (Y7, see
Ref. [4]). The WLS bars have a thickness of 2.0 mm and lengths up
to 2 m, the active areas are 24 cm for the electromagnetic and
about 64 cm for the hadronic sections. The WLSs were read out by
photomultipliers (PMT) of type Philips XP 1911 for the electro-
magnetic and Hamamatsu R-580 for the hadronic sections.
The segmentation of the ZEUS calorimeter resulted in a total
of 6526 photomultipliers for the electromagnetic sections
and 5308 for the hadronic sections for all calorimeter sections.
A detailed description of the ZEUS sampling calorimeter can be
found in Ref. [5].
3. The 60Co monitoring system and data analysis

The principle of the 60Co monitoring system is based on a
point-like 60Co source (emitting g rays of 1.17 and 1.33 MeV)
which can be moved parallel to the WLS bars of the investigated
calorimeter section.3 The source is encapsulated in a steel tube
at the tip of a special wire. Brass tubes, which are incorporated
into the WLS light guide assemblies on each tower side of the
calorimeter, allow to guide the source forwards and backwards.
The permanently installed source wire guiding system allows to
repeat 60Co scans with a reproducibility of 1%. The g rays emitted
by the 60Co source cause a local energy deposition at the edges
of the scintillators. The light emitted at both edges of the
scintillators was detected in both photomultiplier tubes as can
be seen in Fig. 1.

A total of four response functions IkjðzÞwas obtained by moving
the source along both sides of each calorimeter section. The first
index k refers to the side4 of the calorimeter (right R or left L)
where the source is located, while the second index j indicates the
3 In the following we will report only about studies on FCAL and RCAL sections.
4 In the following text right and left sides are defined for a person looking

towards the interaction point.
position of the photomultiplier tube, and z denotes the position of
the source. The response functions were normalized as

ÎkjðzÞ ¼
Ikj ðzÞ � Uj

Uj
(1)

where the reference signal Uj is derived from the radioactivity of
the uranium plates measured by photomultiplier j of the
calorimeter. The four response functions of two 60Co measure-
ments ÎRRðzÞ, ÎRLðzÞ, ÎLRðzÞ, ÎLLðzÞ can be described by a model: when
we assume that the 60Co source is located on the right side of the
calorimeter, the light yields registered by the right ðÎRRÞ and left
photomultiplier ðÎRLÞ can be written as

ÎRRðzÞ ¼ SRðzÞ �WRðzÞ (2)

ÎRLðzÞ ¼ SRðzÞ � TðzÞ �WLðzÞ. (3)

SRðzÞ denotes the light yield of the scintillator emitted on the side
where the source is positioned and SRðzÞ � TðzÞ is the light yield
emitted on the opposite side of the scintillators. TðzÞ represents
the transmission of fluorescent light through the scintillator tile
which is correlated with the attenuation length l of the latter.5

The transmission parameter TðzÞ is defined as the ratio of light
yields emitted at both edges of the scintillator when it is exposed
to g rays at one end. WRðzÞ and WLðzÞ are the response functions of
the right and left WLS bars. With two 60Co scans performed on
both sides of the calorimeter section the transmission parameter T

and the ratios SL=SR and WL=WR for each scintillator can be
determined. These parameters are from now on referred to as
optical parameters.

The experimental set-up of the 60Co monitoring system has
been described in detail in Ref. [6]. Although the principles
remained unchanged, several new components have been devel-
oped between 1990 and 2007. In the beginning, an OS9/VME
based measurement system was used which was replaced in 1995
by a PC based one. However, the reproducibility of the 60Co
measurements was well established and checked again with each
technical modification.
5 An idea of the relation between the transmission parameter and the

attenuation length is given in Section 5.
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4. Investigations of the optical components

Investigations with the 60Co monitoring system have been
performed in 1990/91 on all modules of F/RCAL before the ZEUS
calorimeter was assembled. For selected sections especially those
close to the HERA beam pipe these investigations have been
repeated almost during every maintenance period to search for
changes of the optical parameters in the ZEUS calorimeter.
No effect which could be attributed to beam induced radiation
damage has been observed. Within the experimental errors no
variation of the attenuation length of the WLSs was detected.
However, a small systematic reduction of the transmission T of
the scintillators became apparent.

To investigate the degradation of the transmission parameter
of the scintillators in detail, 60Co measurements were performed
in the maintenance periods 1999, 2001, 2003 and 2007 on FCAL
module 17. FCAL module 17 was shielded by other calorimeter
modules from the HERA beams so that a damage due to the beams
can be excluded. For the years 1990, 1999, 2001, 2003 and 2007 a
common data set of four towers with 4 HAC1, 3 HAC2 and 2 EMC
sections exists. Only the results concerning the hadronic sections
will be discussed in the following since the geometry of the
Source position z(mm)
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Fig. 2. Response functions of the left photomultiplier of the second hadronic

section of FCAL module 17, tower 8 measured in 1990 (solid line) and in 2007

(dashed line) as a function of the source position. The 60Co source was guided on

the right side of the tower. Small peaks indicate the positions of the scintillators.
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Fig. 3. (a) The ratio of the two curves plotted in Fig. 2 is presented as a function of the

difference of both response functions divided by the corresponding mean values.
electromagnetic sections was modified considerably during the
running period of the ZEUS detector by the addition of silicon
detectors in the so-called silicon gaps of the EMC sections.

Fig. 2 shows two typical response functions of a hadronic
section, one from the first measurements in 1990, the second one
from measurements after the HERA shut down 17 years later. The
absolute size of the signals differs considerably because different
60Co sources were used in 1990 and 2007. However, the ratio of
the response functions is to good approximation constant as can
be seen from Fig. 3a. This indicates that the longitudinal structure
of the section and the attenuation length of the WLS has not
changed. The gross structure of both curves is the same as was
verified by a point to point comparison. The ratios of the response
functions were found to be constant at the 1–2% level, as it is
demonstrated in Fig. 3b. The purely statistical uncertainty, as it
was determined by repeated scans, is of the order of 1%. Fig. 4
presents the optical parameters TðzÞ; SLðzÞ=SRðzÞ and WLðzÞ=WRðzÞ

of the hadronic sections HAC1/2 of tower 8 which were
determined from 60Co measurements in 1990 and 2007. The
transmission TðzÞ decreased significantly within this time, while
the ratios of the WLS and scintillator response functions
WLðzÞ=WRðzÞ and SLðzÞ=SRðzÞ show no variation with time. In
order to determine the optical parameters for each scintillator an
average over the mean thickness of the uranium/scintillator layers
of 8 mm has to be performed. Fig. 5 illustrates the distribution
of the transmissions for all scintillators of the sections HAC1/2,
which were scanned in 1990, 1999, 2001, 2003 and 2007.
The mean transmission as determined from the distributions
presented in Fig. 5 is presented in Table 1. It shows a continuous
decrease between 1990 and 2007 as illustrated in Fig. 6.
5. Damage scenarios

The slight degradation of the transmission parameters has
been observed in all sections of FCAL module 17 which were
measured with the 60Co source. A local mechanical damage or
other accidents can be excluded as well as a possible damage
induced by the electron and proton beams of HERA. Hence we
assume that the same effects occurred in all scintillators of the
ZEUS forward and rear calorimeter. Possible sources for the
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Fig. 4. The optical parameters of the scintillators of the sections HAC1/2 of FCAL module 17, tower 8, in 1990 and in 2007. The degradation of the transmission parameter T

(top diagrams) within this time is clearly visible.
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observed effects may be:
�

len
ageing of the plastic scintillators,

�
 optical contact of the Tyvek paper on the scintillators due to

humidity,

�
 radiation damage caused by the natural radioactivity of the DU.

Optical contact of the Tyvek paper on the scintillators cannot be
completely excluded, but it seems to be very unlikely. If local
humidity would be the reason for an optical contact one would
not expect that the same damage effect occurs in all investigated
sections. We have checked the surface of several spare scintilla-
tors which were stored in a box since 1990. The scintillators were
wrapped in the same Tyvek paper as the ones in the calorimeter.
No visible change of the surface quality was observed.6

In order to discuss a possible radiation damage caused by the
background radiation we first estimate the dose absorbed by the
scintillators: each scintillator tile of the calorimeter is located
between two DU plates which are embedded in steel boxes. 238U
decays via 14 steps into the stable nucleus 206Pb. Outside of the
uranium plates, one can detect g rays with energies up to 1.8 MeV,
electrons with a maximum energy of 2.29 MeV and bremsstrah-
lung. The energy deposition caused by the electrons in the
scintillators is greatly reduced by the steel box, from the data
of Ref. [7] one can estimate that the dose rate induced by the
electrons in the scintillators is 2� 270 ¼ 540mGy=h. The photon
background is only weakly influenced by the thin steel plates, it
is about 2� 70 ¼ 140mGy=h. The total dose rate amounts to
680mGy=h corresponding to 6 Gy/year. Hence the total dose Dtotal
6 Unfortunately no data are available, which allow to compare the attenuation

gths of identical scintillators in the years 1990 and 2007.
induced by the uranium plates within 17 years is

Dtotal ¼ ð100� 20ÞGy.

The influence of radiation damage on the performance of an
electromagnetic lead/scintillator calorimeter was studied with
test beam measurements described in Refs. [6,8], which allows us
to estimate the radiation dose which would be required
to produce the same induced absorption as shown in Fig. 6. The
geometry of this test calorimeter was nearly identical to that of
the electromagnetic section of the ZEUS FCAL. The main difference
was that the 3.3 mm thick uranium plates were replaced by 6 mm
thick lead plates. The scintillators and wave length shifters were
identical to those of the electromagnetic sections of the ZEUS
calorimeter. Prior to the beam test measurements the scintillators
of different sections of the test calorimeter were irradiated
uniformly with grays at dose rates of about (100–200) Gy/h to
doses of D ¼ 0, 5 and 10 kGy, respectively. After the end of the
recovery process in air only the permanent radiation damage
remained. The properties of the test calorimeter were investigated
in the DESY test beam with electrons of 1–6 GeV. Afterwards 60Co
measurements were performed, from which the optical para-
meters have been determined. The transmission T is shown in
Table 2 separately for electromagnetic sections EMC1/4 and for
sections EMC2/3, because the geometry of the corresponding
scintillators is slightly different.7 The absolute values T obtained
for non-irradiated scintillators of the test calorimeter are larger
than the ones of the ZEUS calorimeter measured in 1990.
A possible reason might be the different thickness of the
absorber plates of the two calorimeters. Hence we compare only
7 The scintillators of sections EMC1/4 have two cutouts for spacers

ð2:5� 9:8 mm2Þ.
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the relative values. The dose dependence of the ratio TR ¼

TðDÞ=TðD ¼ 0Þ measured in the test calorimeter is plotted in
Fig. 7a. The solid curve presents a fit to the experimental
data (TR ¼ expð�const � D)). In the hadronic sections of the ZEUS
calorimeter the transmission parameter decreased within 17 years
by ð7:4� 2:2Þ% corresponding to the ratio Tð2007Þ=Tð1990Þ ¼
0:926. As mentioned before, we have less results for the
electromagnetic sections of the ZEUS calorimeter. But they show
a very similar degradation. Due to the slightly different lengths
of the scintillators in the hadronic and electromagnetic sections
the absolute transmission parameters differ by 3%. However, the
relative change of the transmission is very similar for both parts of
the calorimeter. This allows us to determine an equivalent dose
Deq which would cause the same reduction of the transmission
parameter as observed in the hadronic sections of the ZEUS
calorimeter:

Deq ¼ ð2:8� 1ÞkGy.
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Table 1
Mean values of the transmission parameters T for scintillators of the hadronic sections

1990 1999

Transmission of HAC scintillators 0:673� 0:009 0:643� 0:011

The error calculation considers the sigma of the distribution as well as the number of
In order to determine the attenuation length of the scintillators
SCSN-38 as a function of dose horizontal scans of the EMC
sections were performed with 6 GeV electrons. The test calori-
meter was moved in steps of 3 cm parallel to the long side of
the scintillators. For each position the light yields were mea-
sured with the left and right photomultipliers. After proper
normalization the ratios of both signals were calculated for the
sections EMC1–EMC4. From these results the attenuation lengths
l presented in Table 2 and the corresponding absorption
coefficients m ¼ 1=l were derived. In the analysis the reflection
of light at the scintillator edge opposite to the readout side was
taken into account. Fig. 7b shows the variation of the absorption
coefficient m as a function of the dose D. For doses Dp10 kGy we
assume that m is a linear function of the dose. From both parts of
Fig. 7 one can derive a relation between transmission parameter T

and radiation induced absorption coefficient m. The conclusion
is that the exposure of the SCSN-38 scintillators to a dose of
ð2:8� 1ÞkGy would reduce the transmission parameter of the
test calorimeter by ð7:4� 2:2Þ% and increase the absorption
coefficient by ð29� 10Þ%.
6. Summary and discussion

60Co scans have been performed in the ZEUS calorimeter over a
period of 17 years. No variation of the attenuation length of the
polymethylmethacrylate based Y7 WLSs has been observed
within this time. This is a very important result for ZEUS because
the WLS bars have a length of up to 2 m. After the assembling of
the calorimeter modules the longitudinal uniformity of the
calorimeter sections was in a range of �4%. Any further decrease
of the effective attenuation length would result in an increase of
the non-linearity of the energy response of the calorimeter and
would reduce the absolute light yield.

The absorption of fluorescence light in the polystyrene
based scintillators (SCSN-38) increased continuously with time.
The transmission T decreased by 7.4% in 17 years. At medium dose
rates ð _D ¼ 1002200 Gy=hÞ such an effect would occur after
exposure to an equivalent dose Deq ¼ ð2:8� 1ÞkGy. This value is
HAC1/2 of FCAL module 17 measured in 1990, 1999, 2001, 2003 and 2007.
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The errors are estimated to be DT ¼ 0:003.
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Table 2

Mean value of the transmission parameters T and attenuation lengths l for scintillators of the electromagnetic sections EMC1/2/3/4 of the test calorimeter.

Radiation dose (kGy) 0 5 10

EMC 1/4 scintillators Transmission 0:78� 0:02 0:65� 0:02 –

Attenuation length (mm) 664� 57 396� 18 –

EMC 2/3 scintillators Transmission 0:72� 0:01 – 0:56� 0:02

Attenuation length (mm) 599� 46 – 318� 11

The scintillators of two sections were uniformly irradiated with g rays, the doses were 5 and 10 kGy, respectively [8]. Because of minor geometrical differences of the

scintillators the sections EMC1/4 and EMC 2/3 are considered separately.
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much larger than the actual dose Dtotal ¼ ð100� 20ÞGy deposited
in the scintillators within a period of 17 years. This dose was
caused by the radioactivity of the uranium plates at a very low
dose rate (680� 140mGy=h).

In the following it will be discussed whether the damage
observed in the ZEUS calorimeter is caused by radiation or ageing.
Let us first assume that is caused by radiation. In the ZEUS and the
test calorimeter we found the same damage effects at quite
different doses and dose rates. This is only possible when
radiation damage in SCSN-38 is strongly dose rate dependent. At
high doses (D ¼ 25 kGy) and dose rates in the range _D ¼

3021000 Gy=h no dose rate effect has been observed in SCSN-38
[9,10]. Only a few investigations concerning radiation damage at
low doses and low dose rates have been performed [11,12]. Since
the damage effects under these conditions are very small, the
authors used scintillating fibres to study the time dependence of
the radiation induced absorption during and after irradiation.
They investigated fibres (SCSF-38 and SCSF-38M) of about 1 m
length, both fibres had a polystyrene core and the same fluors as
SCSN-38. The M in SCSF-38M indicates that the fibre had double
cladding. In Ref. [11] the fibres SCSF-38 were exposed to X-rays,
the dose rate and the maximum dose were 36 Gy/h and 2175 Gy,
respectively. In Ref. [12] the fibres SCSF-38M were irradiated with
g rays from a 137Cs source, the dose rate and the maximum dose
were ð0:97� 0:11ÞGy=h and 160 Gy, respectively. No evidence for
a dose rate effect has been found within the experimental errors.

The conclusion of the discussion is that the damage observed
in the ZEUS calorimeter is not caused by radiation, neither by the
beams nor by the radioactivity of DU. It is most likely due to
ageing of the scintillators. Ageing effects in SCSN-38 have been
investigated in Ref. [13]. The authors have studied the stability of
several plastic scintillators of 1 m length over a period of 4 years.
For SCSN-38 they found that the attenuation length l decreased
by ð8� 3:1Þ% within 1000 days (2.7 years). The absorption
coefficient m is proportional to the concentration of absorption
centres. Hence we assume that m (and not the attenuation length
l) rises linearly with time:

mðtÞ ¼ aþ bt. (4)

From the results of Ref. [13] one obtains a ¼ ð1:22� 0:02Þm�1 and
b ¼ ð3:8� 1:6Þ � 10�2 m�1 yr�1. If one extrapolates Eq. (4) to t ¼

17 years, one obtains a large increase of the absorption coefficient
ðDm=m � ð53� 22Þ%Þ. At the ZEUS calorimeter we have measured
the transmission parameter T and not the absorption coefficient m
or the attenuation length l. The relation between T and m was
determined for radiation damage. In the following we assume that
the same relation holds for ageing effects as well (see Fig. 7). This
means that the damage observed in the ZEUS calorimeter
corresponds to an increase of the absorption coefficient by
ð29� 10Þ%. The result is smaller than that obtained from Eq. (4),
but within the experimental uncertainties both results are
compatible. This can be considered as a further confirmation that
the damage observed in the ZEUS calorimeter can be interpreted
as an ageing effect.

The degradation of the attenuation lengths of the scintillators
in the ZEUS calorimeter is not a problem for the detector
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performance. For the test calorimeter it has been shown in Ref. [8]
that effects of the size observed in the ZEUS calorimeter have no
influence on the energy resolution and the linearity of the energy
response of the electromagnetic calorimeter. For two reasons the
calorimeter performance was stable although the attenuation
length of the scintillators changed: the length of the scintillators
(L � 19 cm) was much shorter than the attenuation length
(l � 50270 cm), so that the variation of the attenuation length
had no significant consequences. The mean path length of the
fluorescence light in the scintillators was further reduced because
the light was read out at both edges of the scintillators.
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