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Abstract

The measurement of the response of the large-angle electromagnetic shower calorimeter (LAC) of the CLAS detector
to minimum ionizing particles is reported. The experimental set-up and the adopted procedures are described. The results
of the light attenuation length in the calorimeter, the light output and the resolution of the interaction point
reconstruction are discussed. The performances of the LAC match well with those required. ( 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The AIACE collaboration [1] participates in the
TJNAF (formerly CEBAF) [2] Hall B experimental
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activity. Hall B is equipped with the Large Accept-
ance Spectrometer CLAS [3] based on a toroidal
magnetic "eld produced by six superconducting
coils arranged around the beam line. Each region
between the two coils acts as a single spectrometer
equipped with three layers of drift chambers for
track reconstruction, one layer of scintillator counters
for time-of-#ight measurement, a Cherenkov de-
tector and an electromagnetic shower calorimeter.
The forward calorimeter modules cover the polar
scattering angle h interval from 103 to 453 in the
laboratory frame in all the six sectors. The two LAC
modules realized by the AIACE collaboration ex-
tend the h coverage up to 753 in two CLAS sectors.
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Fig. 1. Conceptual drawing of an LAC module showing in detail: (a) the composite internal structure and (b) the plastic scintillators
stack structure (light-gray area) with the crossing of two orthogonal stacks that de"nes a cell (dark-gray area).

This paper, after a description of the LAC de-
tector, reports on the results of several tests per-
formed with cosmic rays both at Costruzioni
Saldate Collaudate (C.S.C.) Workshop in Schio
(Italy) where the modules were assembled and later
at TJNAF after transportation and insertion in the
CLAS detector. Both energy and timing response
to minimum ionizing particles were studied for the
two modules. In particular, the light propagation in
scintillators, the number of photoelectrons/MeV
collected, and the position reconstruction resolu-
tion were measured. The measurement was crucial
to verify that the calorimeter response meets the
design speci"cations, considering the fact that at
that time new scintillating material and light col-
lecting system were used. The tests showed that the
module properties well agree with the initial speci-
"cations.

2. Detector description

A conceptual drawing of an LAC module and its
internal structure is shown in Fig. 1. The modules

have a multi-layer structure with lead sheets and
scintillator bars, a con"guration that provides the
best compromise between good energy resolution
and high neutron detection e$ciency. Each module
consists of 33 layers, each composed of a 0.20 cm
thick lead foil and NE110A plastic scintillator bars
roughly by 10 cm width and a constant thickness of
1.5 cm [4,5]. The bar width increases going from
the inner toward the outer side to guarantee the
tapering required by the CLAS geometry. The
module thickness corresponds to 12.9 radiation
lengths and 1.0 absorption length. Te#on sheets
0.2 mm thickness separate scintillators from lead
and 0.2 mm thick Te#on strips between each pair of
contiguous scintillator bars avoid optical cross-
over. In each layer scintillators are oriented along
the same direction; in consecutive layers they are
rotated by 903 one respect to the other to form
a 40]24 matrix of rough 10]10 cm2 cells. The
surface of the module exposed to particle #uxes is
217]400 cm2. The module is vertically divided
into an inner (17 layers) and an outer (16 layers)
parts with separate light readouts to improve
the electron}pion discrimination [6]. Scintillators
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Fig. 2. Picture of the LAC Light Readout System (LRS) showing the coupling to photomultipliers taken during the "rst module
construction. One of the photomultiplier housings has been replaced with a Plexiglas tube to show the LRS coupling to photocathode.

lying (for the inner and outer part separately) one
on top of the other with the same orientation form
a stack. For each module there are 128 di!erent
stacks.

Electromagnetic showers originate in the lead
sheets and propagate through the layers; the energy
absorbed in the active material produces a light
pulse that is collected at both scintillator ends with
Lucite light guides coupled to scintillators via an
air gap [7]. As the coupling area (7.0]0.4 cm2) is
smaller than the scintillator cross section, the un-
coupled scintillator surface is protected with a Tef-
lon sheet to prevent scratches from the aluminum
external structure. To reduce photocathode non-
homogeneity e!ects, the light guides are glued to-
gether before being coupled to the photomultiplier.
Scintillators forming a stack are coupled at the two
bar ends to di!erent EMI 9954A photomultipliers
placed above the top surface of the LAC module as
shown in Fig. 2. Then, each module is equipped
with 256 photomultipliers.

Monte Carlo simulations [8,9] showed that the
LAC performances are strongly a!ected by the
e$ciency of light transmission and collection. For
this reason special attention was devoted to the
quality of scintillators, light guides and photomul-
tipliers whose performances have already been re-
ported in previous papers [5,7,10]: in particular,
scintillators with a light attenuation length longer
than 300 cm and light guides with good light
transmission were selected in order to have
about 5 photoelectrons/MeV at the photomultip-
lier anodes. The amount of the collected light in-
homogeneities among scintillators, light guides,
and photomultipliers were reduced, (a) by sorting
the scintillators from center toward the borders as
a function of decreasing attenuation length and (b)
coupling the best scintillators-light-guide groups to
the worst photomultipliers, and vice versa.

The photomultiplier signal is "rst split right after
the base output: a prompt signal provides the trig-
ger, the other, through a 470 ns low attenuation
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Fig. 3. Typical dependence on the cell coordinate of the mean
readout charge. Continuous line represents the best exponential
"t taking into account light re#ection at the opposite end of the
scintillator bars, the dashed line shows the contribution of direct
light only. Errors on experimental points are smaller than the
symbol size.

RG8 delay cable, goes through a resistive splitter
that provides two equal signals to the CAEN C222
CAMAC discriminators and the LeCroy LC1881M
FASTBUS ADC. The discriminator outputs pro-
vide the stop signals to the LeCroy LC1875A FAST-
BUS TDC. Considering that (a) the maximum re-
leased energy in a single stack in experiment is,
from Monte Carlo simulations, of about 350 MeV,
(b) the pulse shape is approximately triangular with
about 20 ns base, (c) the discriminator minimum
threshold is 15 mV, and (d) the ADC range is
0}400 pC, the proposed splitter permits to cover
the full ADC range with the minimum 3 MeV de-
tected energy in discriminators necessary for neu-
tron detection.

To perform the cosmic-ray measurements the
module projecting geometry was used. The prompt
OR'ed signal from all 256 photomultipliers was
used as the trigger and the cosmic muons crossing
the module through a single cell were selected o!
line. In addition, C.S.C. measurements were also
performed placing the module horizontally and in
coincidence with a 10]10]2 cm3 plastic scintil-
lator placed in the detector focus above the de-
tector itself. In this con"guration a cosmic muon
hitting the coincidence scintillator crossed the cal-
orimeter mostly through a single cell.

3. The energy resolution

The single-cell energy deposition spectra were
selected, in the o!-line analysis, by imposing the
presence of four ADC signals in the inner part and
of the four corresponding ADC signals in the outer
part of the detector. Fitting the energy spectra to
Gaussian functions, for each photomultiplier two
plots were produced giving the position depend-
ence of mean and sigma of the deposited energy.
Fig. 3 shows a typical dependence on the cell coor-
dinate of the mean readout charge; after correcting
for the deposited energy due to the di!erent e!ec-
tive thickness of the cells, the light transmission
function is well described by two exponentials:

Q(x)"Q
0
(e~x@j#ae~(2L~x)@j). (1)

The "rst exponential describes the attenuation of
the light though the scintillator and the second one

originates from the light re#ection on the opposite
end of the scintillator. This e!ect, being the attenu-
ation length values comparable to the bar length, is
enhanced by the Te#on tape placed on both scintil-
lator ends. It was clearly visible observing the
photomultiplier pulses at the oscilloscope. In Eq.
(1) a represents the re#ection coe$cient, j is the
average attenuation length obtained from the mea-
sured values for the scintillators belonging to the
stack [5], and ¸ is the stack length. The solid line in
Fig. 3 represents a "t to the form in Eq. (1). For
comparison the dashed line shows the contribution
of the directly transmitted light (a"0): a contribu-
tion of the re#ected light, of up to about 40%,
clearly emerges from the comparison between the
two curves.

Fig. 4 shows a typical position dependence of the
relative sigma of the deposited energy distribution
in a single stack: the value slowly increases as
a function of the distance of the cell from the
photomultiplier. There are two contributions: (a)
the Landau #uctuations p

L
/E

$
provide a constant

contribution, estimated from Monte Carlo simula-
tions equal to 10.5% and 11.5% in the two trigger
con"gurations at C.S.C. and TJNAF, respectively,
and (b) the #uctuations in the light collection statis-
tics, which is proportional to the deposited energy
and to the stack light transmission properties. The
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Fig. 4. Typical dependence on the cell coordinate of the relative
width p

E
/E of readout energy distribution. The continuous line

represents the best "t taking into account the intrinsic Landau
width and the collected photoelectron #uctuations.

Fig. 5. Distribution of the number of photoelectrons/MeV col-
lected at photomultiplier coupled to the long scintillator bars.

solid line in Fig. 4 represents the "t with these two
contributions quadratically summed using the ex-
pression

F(x)"AA
p
L

E
$
B

2
#

1

N
1.%.

E
$
(e~x@j#ae~(2L~x)@j)B

1@2

(2)

where N
1.%.

is the number of photoelectrons/MeV
and E

$
+25 MeV the average deposited energy in

one stack. The extraction of N
1.%.

from the "t re-
sulted more e!ective in the case of long stacks
where the x dependence of the #uctuations of trans-
mitted light statistics is more prominent.

A summary of the obtained N
1.%.

for the two
modules is reported in Fig. 5 for long scintillator
bars. The rms value of the distributions, equal to
23%, is comparable with the convolution of those
measured for single scintillators, light guides and
photomultipliers, while the average value N

1.%.
"5

is equal to the value resulting from Monte Carlo
simulations.

Considering the average measured light output
for single scintillator (59 photoelectrons/MeV [5]),
it results that the attenuation factor in light guides
is about 12 in agreement with that measured during
the light-guide acceptance tests. This value is larger
than the value 8 reported in Ref. [7] because the
"nal light guides are longer than the design ones

and with a third bending to "t the module geo-
metry.

The dependence in Eq. (1) of the energy read-out
on the cell position is used to e$ciently reconstruct
the actual deposited energy, independent of the
impact point. The combined signal

Q
C
(x)"(Q

L%&5
(x)Q

R*')5
(x))1@2 (3)

from the read-out charge Q
L%&5

and Q
R*')5

of the two
photomultipliers coupled to a single stack is almost
una!ected by the muon crossing point x. In Fig.
6 a typical position dependence of the average
values for SQ

C
(x)T, SQ

L%&5
(x)T and SQ

R*')5
(x)T in

one stack are reported: SQ
C
(x)T is almost #at

(within $4%) with a small rising close to the
stack edges, while SQ

L%&5
(x)T and SQ

R*')5
(x)T show

the exponential behavior described above. In Fig.
7 the SQ

C
(x)T distribution measured for the long

stacks of the two modules is shown: the centroid of
the distribution is 24.8$0.9 pC.

When all cells are taken into account, Q
C
(x)

provides, the energy distribution for muons for the
LAC module as reported in Fig. 8: the plot has been
obtained by summing, for each detected particle,
the deposited energy in the four stacks. The central
value of the distribution is 106 MeV $9.5% well
in agreement with the Monte Carlo simulations.
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Fig. 6. Position compensation for collected charge from a single
stack as described in the text.

Fig. 7. Distribution of SQ
C
T for the long stacks of the two

modules.

Fig. 8. Deposited energy for muons.

4. The timing resolution

The timing properties of the LAC modules were
also determined by studying the e!ect of the #uctu-
ations of the position reconstruction. With the
same criteria adopted to select deposited energy in
a single cell, single-cell timing distributions were
measured for the half-di!erence

*t"1
2

(t@
L%&5

!t@
R*')5

) (4)

and for the half-sum

+ t"1
2

(t@
L%&5

#t@
R*')5

) (5)

obtained from the TDC responses t
L%&5

and t
R*')5

of
the two photomultipliers coupled to opposite ends
of the same stack corrected, as discussed in Ref. [7],
for the time walk with the function

t@"t!3.79e~Q@28 [ns] (6)

being Q the read-out charge in pC. Fitting the
timing spectra with Gaussian functions for each
pair of photomultipliers and for each cell the mean
S*tT was evaluated. From the position dependence
of S*tT the velocity of light v in the stack was
extracted. The values 16.0$0.3 cm/ns for the mean
and rms distribution well agree with those mea-
sured in single scintillators [5].

Good timing resolution is required to extract the
momentum of the detected neutron from the im-
pact point in the LAC and time of #ight from target
and LAC. In particular, *t permits to reconstruct
the impact point of those neutrons that, interacting
in only one scintillator bar, have no x}y readout.
However, in the cosmic rays tests discussed in this
paper, *t cannot provide a precise value of the
detector timing being dominated by the cell size.
This can be clearly seen in Fig. 9 where the di!er-
ence between the reconstructed impact point and
the center-of-cell coordinate has been reported for
all cells.
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Fig. 9. Distribution of the di!erence between the reconstructed
impact point in short stacks and the center-of-cell coordinate.

Fig. 10. Distribution of the di!erence between &t from long and
short stacks of the inner part of the "rst module.

The central value of the distribution is
0.0$4.3 cm. The comparison with the Monte
Carlo calculation, 0.0$3.8 cm, shows that the
timing #uctuation gives a $2.0 cm uncertainty to
the position reconstruction.

A much better estimate of the timing resolution
was obtained from &t. In the measurements per-

formed at C.S.C. each detected muon crosses the
trigger detector and four stacks in the calorimeter.
The di!erence between &t values obtained with
di!erent stacks does not depend on the muon im-
pact point and the trigger detector timing uncer-
tainties. Fig. 10 shows the overall results for short
and long stacks from the module inner part: the
distribution is gaussian with p"270 ps. Compara-
ble results have been obtained with all other stack
combinations.

5. Conclusions

The response of the two LAC modules of the
CLAS detector to minimum ionizing particles has
been studied considering the contribution of light
propagation and collection e$ciency. The light
output, the light transmission, and the timing se-
lecting only the particles that crossed the module
through a single cell were measured. The measure-
ments were performed several times over a two year
period showing no signi"cant variations in the de-
tector response.

The measurements showed that the module
performances match well with those expected by
simulations.
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