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ABSTRACT

A peneral purpose detector, KLOE, is under construction for operations at the Frascati ¢ factory,
DADGNE. Its central mission is the study of direct CP violation in K° decays, which places very
wliingent requirements on electromagnetic shower measurements in the 20-280 MeV /c region. We
hnve chosen to use a lead—scintillator sampling calorimeter, EmC, consisting of very thin (0.5 mm)
liad layers in which are embedded 1 mm diameter scintillating fibers. Much prototyping and testing
has been done during its design, yielding, for the final EmC, an expected energy resolution of

o(1)/E~5%/+/E (GeV) and a time resolution of ~66 ps//E (GeV), with excellent linearity in

ihe region of interest and with little dependence on incidence angle and entry position.
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1. Introduction

The main goal of the KLOEm experiment at the DA®NE qS—factory[Z] in Fras-
cati is to study CP violation in K decays by measuring R(¢'/¢) with an accuracy
of O(107%). Since K s neutral decays (K_L1s—>7l'07l'0) produce four photons be-
tween 20 and 280 MeV, identification of these decays and rejection of the Kj—37°
backgroundm
in this measurement. Vertex reconstruction of K°—7%s—+’s in KLOE is performed

(3]

by measuring the arrival time of each photon the the calorimeter ,” because of the

means that the electromagnetic calorimeter (EmC) plays a crucial role

low speed of the K® (8x ~0.2), requiring excellent timing accuracy of the EmC. In
addition, the calorimeter should also provide a fast and unbiased first level trigger
for the detector. Finally, it should have some particle identification capability, to aid
rejection of K3 decays. The requirements for the KLOE EmC are: a) time resolu-
tion O(70 ps/y/E (GeV)), b) energy resolution O(5%/+/F (GeV), c) shower vertex
resolution @O(1 cm), d) full efficiency for 4’s in the energy range 20-280 MeV, and e)
hermeticity.

2. The KLOE Electromagnetic Calorimeter Design

The KLOE EmC is a very fine sampling lead-scintillating fiber calorimeter, with
photomultipliers, PMs, read-out. The central part, barrel, approximates a cylindrical
shell of 4 m inner diameter, 4.3 m active length and 23 cm thicknes. The barrel
covers the polar angle region 49°<#<131°and consists of 24 sectors with trapezoidal
cross section, ~60 cm wide. Two end-caps, 4 m in diameter and 23 cm thick, close
hermetically the calorimeter. Each end-cap, consists of 26 “C” shaped modules which
run vertically along the chords of the circle inscribed in the barrel. At the two ends
they are bent at 90°, becoming parallel to the barrel ends, to decrease the effects of
the magnetic field on the PMs and to increase hermeticity. A quater cross section of
the KLOE calorimeter is shown in fig. 1. In our EmC fibers run mostly transversely
to the particle trajectories. This reduces sampling fluctuations due to channeling,
resulting in improved resolution particularly important at low energies.

Each module of the KLOE EmC is built by glueing 1 mm diameter blue scintil-
lating fibers between thin grooved lead plates, obtained by passing 0.5 mm thick lead
foils through rollers of proper shape. The grooves in the two sides of the lead are
displaced by one half of the pitch so that fibers are located at the corners of adjacent,
quasi-equilateral triangles resulting in optimal uniformity of the final stack, see fig. 2.
The grooves are just big enough to insure that the lead does not apply direct pressure
on the fibers. Light travelling in the cladding is effectively removed because of the
glue surrounding the fibers. The selected fiber pitch of 1.35 mm results in a structure
which has a fiber:lead:glue volume ratio of 48:42:10 and a sampling fraction of ~15%
for a minimum ionizing particle. The final composite has a density of ~5 g/cm® and
a radiation length Xo of ~1.6 cm, is self supporting and can be easily machined. The
very small lead foil thickness (< 0.1 Xp) results in a quasi-homogeneous structure and
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w high efficiency for low energy photons. Measurements indicate that the blue-green
huraray SCSF-81, Bicron BCF-12 and Pol.Hi.Tech-46 fibers, satisfy our requirements

lon light yield, scintillation decay time and attenuation length.4 Since the time reso-
lulton depends on the light yield, great care has been put in maximizing the efficiency
ol Lhe light collection system and insuring uniform photocathode illumination. Each

liypht guide consists of a mixing part and a Winston cone concentrator.[sl We are
thus able to match the calorimeter elements to the PM photocathodes, with an area
1eduction factor of up to ~4, without losses, because of the small divergence angle,
227, of the light travelling in the fibers.
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Fig. 1. Cross section of the KLOE Calorimeter
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Fig. 2. Fiber and lead layout.
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3. Construction of Prototypes

We built a barrel prototype module of dimensions 14%24x203 cm? to establish
construction procedures and perform realistic tests of the final EmC performance, see
fig. 3a). The module depth of 24 cm is equivalent to a thickness of 15 Xy, consisting
of 207 lead and scintillating fiber layers for a total of 21,450 fibers, the first 3.5 cm are
Kuraray SCSF-81 fibers followed by 20.5 cm of Kuraray SCSF-38 fibers. It weighs
330 kg. The module was made in the Frascati machine shop. The grooved lead foils
were produced with a home-made rolling machine starting from 0.5 mm thick lead
foils. The grooved rollers, made of hardened steel and ground to shape by a sintered
diamond tool, are mounted with ball bearings on a very rigid frame and are aligned
and checked with a set of micrometers. Foils of almost 6 m length and 15 cm wide
have been produced. The thickness uniformity obtained is around few tens of pm,
the grooves deviate from a straight line by less than 0.1 mm per meter of foil length.
The module was constructed by glueing the first lead foil to a 2 cm thick iron back
plate carrying all the mounting fixtures. Bicron optical epoxy resin, BC 600 ml, was
then applied in a precisely measured amount to the top surface of each lead foil. A
layer of fibers was then laid down in the grooves and epoxy applied anew. Typically,
6-7 layers of fibers and lead were stacked in about one hour, before the glue started
curing. The growing stack was then compressed under vacuum for at least 30 min
to apply uniform pressure, and to squeeze out excess glue. Once the final thickness
was reached the two ends were cut and milled. No fiber was damaged during the
stacking phase, while four fibers were lost during the final milling. The calorimeter
was wrapped in a 1 mm thick steel skin, in order to simulate the final design and
provide protection for the module.

A prototype for the end-cap region, fig. 3b), consisting of two “C” shaped modules,
was also built. The width of each module is 7 cm and they both have the same depth
of 24 cm. Fach section consists of a central straight piece (89-110 cm), two curved
pieces with an inner radius of 7.5 c¢m, and two straight end pieces to which light
guides are glued, the first 7 cm are Kuraray SCSF-81 fibers, the rest are Pol,Hi.Tech-
46 fibers. It has been constructed by cutting the grooved lead foils and fibers to the
desired lengths, incising at the two ends the central groove of each lead foil, leaving
the central part uncut for a length of 89 ¢m, then bending the two adjacent modules.

The readout, identically for both prototypes, was organized into 22 elements for
each side: five planes of four small elements, 3.5x3.5 cm?, and two large rear elements,
6.5x7 cm?, see fig. 3b). For the small elements, on each side the light was transported
from the calorimeter through light guides to 1-1/8 inch diameter PMs, with an area
concentration factor of ~2.7. 1-1/8 inch Hamamatsu phototubes, type R1398 with
a transit time spread of (< 1 ns) have been used. The rear elements were similarly
coupled to 5 cm diameter PMs, with an area concentration factor of ~2.5.

In order to investigate the effect of coarsening the readout granularity and using
larger light guides, we took data with the Barrel readout organized in four planes
of three 4.2x4.2 cm? cells, leaving the last plane unchanged. This configuration is
referred to as “coarse” granularity, see fig. 3a). Since the same PMs were used, the
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light guides had an area concentration factor of ~3.8.

4. Prototype Tests
1.1  TEST BEAMS LAYoUT

The calorimeter prototypes have been tested [6.7) in a beam at the Paul Scherrer
Institut, PSI, in Villigen, Switzerland. The PSI machine is an isochronous cyclotron
which accelerates protons to 600 MeV kinetic energy. A secondary beam of n’s, p’s
and e’s in the momentum range 50-400 MeV/c was delivered to the test areas.

Two crossed scintillators in front of the calorimeter and a third counter, 4.5 m
away from the calorimeter, provided a beam trigger, defined the beam position at the
calorimeter and enabled 7/p/e identification by time of flight, see fig. 4.

Fig. 3. a) Barrel and b) end-capprototype.
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Fig. 4. Calorimeter test setup at PSI.

The calorimeter PM outputs were connected to active splitters through 5 m of
RG-58 cable. The two outputs of each splitter were sent to CAMAC ADCs, to
low threshold (5 mV) discriminators, the signal for 50 MeV being ~350 mV. The
discriminator outputs acted as TDC stops. The trigger signal was used to generate
ihe ADC gates and the reference time signal Ty which supplied the “start” for the
TDC system.

The barrel prototype has also been tested with tagged low energy photons (20—
80 MeV) at the Frascati LADON facility.[s] At LADON photons are obtained by
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back scattering a laser beam from electrons stored in ADONE. A tagging system for
the recoil electrons yields a determination of the photon energy with a resolution of
~1.7 MeV. The trigger was obtained by a coincidence from the two calorimeter ends,
after adding all signals from each side. The trigger generated ADC gates and TDC
“start”s which were cleared if there was no trigger from the tagging system within

200 ns.

4.2 ENERGY RESPONSE AND RESOLUTION

The coordinate system used in the data analysis is shown in fig. 4, where the
definition of the incidence angle 8 is also indicated. The origin was put in the center
of the calorimeter surface facing the beam.

In order to study the energy response of the prototype we define the total visible
energy E,;s as the sum over all elements read out on both ends, labelled A and B. To
correct for the response of each channel we divided the signal E,4 ; of channel %, by the
calibration constants Kpipi: Evis = (1/2) 3 (Eaq + Epy) with E; = Eogc i/ Kmip,s.
The calibration constants Kpmip, in ADC counts, were obtained with cosmic rays and
400 MeV/c pions, both of which are minimum ionizing particles to a first approxi-
mation, incident at the center of each element. Clean samples of events selected for
the calibration were ensured by means of triggering and software cuts. A gaussian
fit to the pulse height distribution was performed for each channel to determine the
peak position. The fit interval was chosen to be asymmetric with respect to the mean
value, to take into account the asymmetric shape of the distribution.

We define 1 MIP as the visible energy deposited by a minimum ionizing particle in

a 3.5%3.5 cm? readout element; our simulation Bl determines 1 MIP to be equivalent
to an average energy deposit of 3.24 MeV in the active material. For the coarse
granularity and for the larger cells of the last plane geometrical correction factors
have been used to express the results in our calibration units. Pions of 400 MeV/c
momentum are minimum ionizing particles only in the first plane of the calorimeter.
We have therefore corrected for the increase of the specific ionization with calorimeter
depth and for straggling effects. The correction factors used for both granularities
are given in table 1.

Table 1. Specific ionization correction factors.

Plane Number{ 1 2 3 4 5 6

3.5 x3.5 1.00{1.0311.04|1.06]1.10 | 1.14

4.2 x 4.2 1.01§1.04|1.05{1.09|1.14 i

Before reaching the calorimeter the beam had to pass through the trigger counters
and the iron skin of the calorimeter itself. The total amount of material is equivalent
to 3.6 cm of scintillator. Positrons lose ~7 MeV while the energy loss of pions and
muons depends on their kinetic energy and was appropriately taken into account.

‘I'hese corrections have been applied to the beam energy of the charged particles.

I'nergy Response and Resolution for Photons and Positrons

" The following results were obtained with positrons and photons entering the center
of the calorimeter front face (z = 0 cm, 8 = 0°). The distributions of the energy signal
for photons ranging from 28 to 63 MeV are are displayed in fig. 5. From the very
pood symmetry of the line shape at the lowest energy of 28 MeV, we can conclude
ihat at these energies, the calorimeter is still fully efficient.
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Fig. 6. Emnergy spectra for positrons.

For each spectrum a gaussian fit, leaving all three parameters free, has been
performed; the mean of the fit was used as the average calorimeter response Eqyjs 'and
the square root of the variance o vis Was used to computc‘t the energy r(lasolutlon.
The plot of Eyis/ E vs. the energy E have a maximum deviation from linearity (.)f less
than 3%, mostlty due to inaccuracies in tagging system. The line shapes for positrons
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in the energy range 40-240 MeV are shown in fig. 6 for barrel data with the coarse
granularity. The linearity of the response is excellent with a deviation of at most 2%,
again mostly from beam setting inaccuracies.

Fitting photon and positron data together we obtain a slope sporr = (36.8 +0.2)
MIP/GeV, see fig. 7. In the same plot we have also added data for the end-cap proto-
type exposed to positrons (triangle symbols) for which the slope is Secap = (37.4+0.6)
MIP/GeV. The average response to electromagnetic (e.m.) showers is proportional to

the incident particle kinetic energy only if the shower is fully contained. Simulations[g]
show that the depth of the prototype keeps leakage below the 2% level for the energy
range of interest. The sampling fraction for e.m. showers can therefore be estimat-
ed as fem = Eui,/E = (36.8 + 0.2) MIP/GeV x 3.24 MeV/MIP — (11.9 + 0.1)%.
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Fig. 7. Energy response for photons and positrons vs. kinetic energy.

The fluctuation of the ratio R between the energy signals, from each readout
element, B4 and Ep at the two calorimeter ends, R = E4/Eg, allows us to estimate
the number of photoelectrons Npe in each tube, from Ny = (v/2 x tr/or)?, where
pr and op are the mean of R and the r.m.s. spread of its distribution respectively.
For the barrel prototype the typical signal for a minimum ionizing particle at 1 m
distance from the photomultiplier is ~65 pe. Results within 10% were obtained by
measuring the PM gain directly. A lower light yield of ~50 pe/MIP is obtained in the
end-cap prototype due to the worse quality fiber used in its construction. y resolution
for positrons is og/E = (4.47 + 0.02)%/+/E (GeV) and for photons op/ = (4.35 +
0.01)%/+/E (GeV). The measured resolution for positrons and 7’s are shown in fig.
8. The 1/v/E dependence indicates that sampling fluctuations and photoelectron
statistics dominate the resolution. The contribution of the latter has been evaluated
from the light yield to be 1.6%/v/E and is therefore negligible. A similar analysis for
the end-cap gives an energy resolution of oy /E = (4.59 £ 0.04)%/+/E(GeV).
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nergy Response and Resolution for Pions and Muons

The response for muons and pions in the momentum range 150-280 MeV/c,
ol interest for the KLOE experiment, has also been studied. Due to their low ki-
nelic energy (50-180 MeV) these particles lose energy mostly by ionization and
vould stop in the calorimeter. The response wvs. kinetic energy for both type-
v of particles is identical. A linear fit of the energy response curve gives a slope
1, 46.8 MIP/GeV, corresponding to a sampling fraction for muons of f, = Ey/F =
16.84+0.4 MIP/GeVx3.24 MeV /MIP = 15.240.1% and an “e/u” ratio of f¢/f,=0.79.
'I'he energy resolution does not scale perfectly with 1/\/E because sampling fluctu-
alions become larger near the end of the particle’s range. However, an approximate

parametrization of the resolution is given by 3.7 %/vE.
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Fig. 8. Energy resolution for photons and positrons vs. kinetic energy.

ependence on the z—coordinate

A z-scan along the module axis was performed with 200 MeV/c positrons at
scven diflerent z—positions from —80 to -+80 cm. The 2 dependence of the signa.l. is
well represented as Fyis(2) = Eyis(0) cosh(2z/)), due to adding two exponentials, with
an attenuation length A=240 cm, while the resolution is constant.

Dependence on the Incidence Angle

The response of the barrel prototype as a function of the incidence aggle, 4,
has been studied using photons, positrons and muons at 30°, 45° and 60° incidence.
KResponse and resolution do not depend on 4 as expected for a quasi homogeneous
calorimeter with very thin converter layers. For low energy photons. F <60 MeV,
we observe a small worsening of the resolution, ~25%, at 8 = 60°. The curved parts
of the end-cap prototype have been investigated by scanning the prototype with 200
MeV positrons incident at 45° at different positions, moving along the outer surface
of the bent part. No appreciable variation was found in the scan.
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4.3 TIMING PERFORMANCES

The particle arrival time in the calorimeter is given, for each PM, by a discrim.
inator output, used as a TDC “stop”. For charged particles, the common “start” of
the TDC system was obtained from the beam defining counters. For photons we sell
triggered on the analog sum of all calorimeter signals, as mentioned previously. Time
walk correction depending on pulse height were applied off-line. The times measured
at each calorimeter end 74, T are obtained by the energy weighted average over all
elements: Ty = Y EgiTai/Y . Ea; Tp=Y EpiTp;/ Y, Ep,. The average of T4
and Ty then defines the mean arrival time 7. For photons we perform our analysis
in terms of the time difference AT — (1/2) 3 Ei (Ta; — TB:)/ Y. Eiy AT and T arc
the difference and sum of T4 and Tp and therefore have the same r.m.s, spreads, .e.
oar=orp except for the fact that the “start” time jitter is cancelled event by event in
AT while it has to be unfolded for the external trigger case.
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Fig. 9. Time resolution vs. energy.

Timing Resolution at Normal Incidence

The dependence of oa7 on beam energy for 20-80 MeV +’s and of oy for 50-250
MeV positrons, at normal incidence on the calorimeter surface, are shown togeth-
er in fig. 9, corresponding to a time resolution of o(T or AT)=34 ps/\/E (GeV).
Fitting all measurements of oap from 20 to 250 MeV gives oap=36 ps/\/E (GeV),
in excellent agreement with the result requiring unfolding of the “start” uncertainty.
The measurements of the time resolution with a coarser readout granularity, (4.2x4.2
instead of 3.5%3.5 cm?) triangle symbols in fig. 9, are indistinguishable although the
light guides area reduction factor increases from 2.7 to 3.8, showing that light collec-
tion efficiency is unchanged. For the end-cap prototype we find a time resolution of
op =40 ps/\/E(GeV), with 50-200 MeV positrons.

tuning Resolution Dependence on Incidence Angle

‘The dependence of o on 8 was studied for all available beam energies. I'Xt ?00 the
nesolution for 250 MeV positrons is ~25% worse than the result for normal incidence.
I'he distributions are still gaussian. At lower energies the angular depe‘ndence of
(he resolution becomes negligible, being dominated by sampling ﬂuctue‘mons. The
mvesitigation of the curved portion of the end-cap prototype as described, f?und
ae dependence. Only for the most extreme conditions, when the shower effectively
crosses the fibers twice, the time resolution deteriorates by ~20%.

T'uning Resolution Dependence on z-Coordinate

/\Vll our measurements confirm that the time resolution scales as t.he number of
photons to the —1/2 power. We therefore expect that the resolutlo.n s bes.t at the
cenler of the calorimeter. The z dependence of the time resolution is given by:

ap(z) = op(0)y/cosh(z/A) . This has been verified with the data from the z-scan.
I'ic resolution at the two ends of the barrel module is ~1.05 times worse than at the

center.

Measurement of the z—Coordinate

The z-coordinate of the entry point 2. obtained from the time differénce AT and
(he cffective light propagation speed in the fibers vy is: 2. = vaT.. AT is plotted ws.
(he nominal z-position in fig. 10. From a fit to the data we obtain v;=17.2 cm/ns,
i agreement with the refractive index of the fiber core, n=1.6, and the bounce angle

mn the fiber.
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Fig. 10. AT distribution vs. nominal z-position for 200 MeV positrons.
The position resolution o, given by 0, = vsoar is 0.=6 mm//E (GeV) for the

.. showers.
5. Particle Identification

Ky —wpv decay, K3, constitutes the most significant background f.:o thc.e idEI:lti—
lication of K7 — m"x~ decays. The calorimeter can provide some 7 /i identification

. . [10 . . .
io improve the background rejection from kinematics! ] 7 /p identification can be
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obtained by time of flight, Monte Carlo studies 3l show that the time resolution of
the KLOE calorimeter, combined with tracking information result in a K3 rejection
factors of 5-6, with 93% signal efficiency. /g identification can also be achieved by
studying the energy signals and the first and second moments of the energy deposition
distributions in the calorimeter. This method has been tested with data collected for
pions and muons of 200-250 MeV /c, a K3 rejection factor of 5 for is obtained while
maintaining an efficiency of 95% for pions.

6. Module @

All the machinery for building the barrel calorimeter have designed and built
by the KLOE calorimeter group, mostly at the Laboratori Nazionali di Frascati,
LNF. The first full size barrel module, with dimensions of 23 cmx60 cmx430 cm and
trapezoidal cross section, called module @, was then succesfully built, also at Frascati.
The machinery has been turned over to a company which will assemble all modules
of the barrel calorimeter. The front half of module @ is built with Kuraray SCSF-81
fibers and the back half with Pol.Hi.Tech-46 fibers.

The module read out consists of five planes of 12 elements each, of ~4.4x4.4 cm?,
varying slowly across the module face. Each element is viewed through light pipes
which provide mixing and terminate with a Winston concentrator coupled to mesh
photomultipliers. The PMs are manufactured to KLOE specifications by Hamamatsu

(R2021, mod.). KLOE needs to use these special tubes because they can operate in
moderate magnetic field™ As shown in fig. 1, they are inside the return yoke where
they see up 0.15 T inclined less than 25° with respect to the PM’s axis[] These
PMs have a measured quantum efficiency ~60% lower than conventional tubes like

(13]

the ones used in the previous prototypes.

Module @ employs the final KLOE electronics. The PM base contains the voltage
divider for the PMs working with grounded cathode to allow grounding of the tube
shieldings and an A.C. coupled preamp which drives the cables carrying the signals
outside of the magnet yoke. The signals enter three way splitters, providing input
to a constant fraction discriminator, a driver for amplitude measurements and first
level analog sums for trigger generation. All these functions are mounted on a 9U
VME card, containing 30 complete channels. Signals from this card go to the KLOE
designed 12 bit ADC’s, 2 Vx10 ns full scale, and 12 bit TDC’s, 25 ps per count. A
description of KLOE electronics can be found in ref. 14.

7. Conclusions

Module @ was exposed to a test beam at PSI this past July. Analysis of the
collected data is underway at present, preliminary results indicate that og/E ~
5%/+/E (GeV) and op ~ 66ps/+/E (GeV). These results are precisely the expected
resolutions taking into account the length of the full module (4.3 m) and the reduced
quantum efficiency of the mesh PM’s, halving the number of photoelectrons.
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In sum, we have studied extensively the performance of both the barrel and end-
«ap prototypes of the KLOE calorimeter and confirmed the findings with module @.
Aside from the measured energy and time resolutions quoted, we found the energy
1esolution to be independent of the incidence angle and we expect very little depen-
dence of the time resolution on incidence. We have verified that the calorimeter can
provide some added means to identify pions and muons. Finally, the KLOE electron-
s performed extremely well at the PSI test, fully to specifications and with very low
noise. Therefore, we have succeeded in the design of a calorimeter which satisfy, with
rome safety margins the requirements of the KLOE experiment.
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