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ABSTRACT

ARTICLE HISTORY

HCAL-J is a hadron calorimeter under construction at JLAB in Newport News, VA (USA).
The main interest of the JLAB physics is the study of the hadron
matter properties, using a longitudinally polarised electron beam; in
particular, researchers investigate the electromagnetic form factors
of nuclei and nucleons using the Continuous Electron Beam Accelerator Facility (CEBAF) accelerator, which provides a beam of 12 GeV
electrons. The upgrade to higher energies allows measurements at
high values of Q2 and a more in-depth study of the internal structure
of the hadron matter.
To this purpose, Hall A collaboration is building the SuperBigBite
Spectrometer (SBS), which consists of a series of elements including a dipole magnet to curve the trajectory of the recoil particles,
and a series of Gas Electron Multiplier (GEM) to track the particles.
Moreover, two analyzers for the measurement of the polarisation
components and a hadron calorimeter, HCAL-J, to measure the particle energy, are used in order to apply the so-called recoil polarisation method, which consists in measuring both the longitudinal and
transverse polarisation of the scattered nucleon.
The study, through SBS, of the electromagnetic form factors of
nucleons allows obtaining the ratio between these two components,
which results to be proportional to the ratio between the electric and
magnetic form factors of the nucleon.
HCAL-J is a sampling calorimeter useful to measure the energy of
the recoil nucleon; its active area consists of 288 modules that include
a matrix with 24 modules in height and 12 in width. There are optical
fibres in between each module, connected to a photomultiplier, in
order to look at the light from the scintillating material and convert it
into an electric signal, related to the energy of the incident particle.
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1. Introduction
The study of the nuclear matter and its constituents is constantly evolving and it was
the research object of many scientific experiments during the twentieth century; these
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experiments established that protons and neutrons are not elementary particles, but
consist of sub-particles called quarks.
Let us consider the scattering process of an electron on a nucleon; the nucleon is not a
point-like particle so, at first order of the Born Approximation, we can describe the crosssection of this process as:
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where (dσ/d)ext is the cross-section of the extended particle, (dσ/d)point is the crosssection of the point-like particle, q is the momentum transfer and F(q) is the relevant form
factor (1). With such an approach, the Sachs form factors (2) describe the electromagnetic
structure of the nucleon:
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where r is the position vector,  is the reduced Planck constant, ρ E is the spatial charge
distribution, ρ M is the magnetic density and Q2 = −q2 is the transferred four-momentum
of the virtual photon.
So, we can obtain theoretically the spatial charge distribution inside the nucleon calculating the Fourier anti-transformation of the form factors F(Q2 ); on the other side experimentally we can estimate the forms factors using the ‘Rosenbluth formula’:
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where c is the speed of light in vacuum, θ is the scattering angle, M is the target mass, τ =
Q2 /4M2 C 2 and (dσ/d)Mott is the Mott cross-section.
The first systematic experiments, to determine the internal electromagnetic structure of
the hadron matter, date back to the 1950s, at the University of Stanford in California, by Hofstadter and collaborators (3). They did numerous experiments of elastic scattering of electrons on different targets (proton and helium), in order to probe their charge distribution;
the results of this investigation were the charge radius measurement of such nuclei.
Since then many researchers have investigated the internal structure of the nuclear matter; using the spin allows more accurate measures of form factors of the nucleons. If the
electron beam is polarised and we are able to measure the polarisation of scattered nucleon,
we can apply the ‘recoil polarisation method’ (4).
With this method, we can calculate the two components of the polarisation of the scattered nucleon, in order to obtain the ratio between GE (Q2 ) and GM (Q2 ), using the following
formula:
GE (Q2 )
Pt Ebeam + Ee
θ
=−
tan
2
GM (Q )
Pl
2M
2

(5)
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where E beam is the energy of the incident electron, Ee is the energy of the scattered electron, θ is the scattering angle, M is the target mass, Pt is the transverse component of the
polarisation and Pl is its longitudinal component.
At the Thomas Jefferson Laboratory (JLab) (5), an important American research centre,
situated in Newport News, Virginia (USA), many experiments used the recoil polarisation
method making possible to evaluate, for high values of the transferred four-momentum,
that the ratio between GE (Q2 ) and GM (Q2 ) decreases about linearly with Q2 , despite the
predictions of the Rosenbluth separation method (6, 7).

2. SuperBigBite spectrometer at JLAB
The main purpose of JLab is the study of nuclear matter and in particular of the nucleon form
factors that are essential for understanding the nucleon structure. The large accelerator,
called Continuous Electron Beam Accelerator Facility (CEBAF) (8), produces a continuous electron beam accelerated up to 12 GeV and such an energy upgrade allows a deep
investigation in an unknown domain.
For the sake of studying the nucleon form factors at high values of Q2 , using the recoil
polarisation method, there is a new spectrometer under construction in Hall A at JLab: the
SuperBigBite Spectrometer (SBS) (Figure 1) (9, 10).
The SuperBigBite is a large acceptance spectrometer, consisting of several components, as:
(1) a dipole Magnet, 48D48, useful for momentum measurement, polarimetry (spin precession) and to sweep off low-energy charged particles;

Figure 1. Conﬁguration of the SuperBigBite Spectrometer for GEp5 experiments.
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(2) some GEM tracker (Gas Electron Multiplier) to track the emitted charged particles;
(3) two CH2 analyzers, to measure the two components of the polarised scattered
nucleon;
(4) a hadron calorimeter to evaluate the energy of the scattered nucleons.
The SBS spectrometer will be used in several different experiments; so its configuration
may change according to the different experiments scheduled in HallA (11).

3. The hadron calorimeter HCAL-J
The hadron calorimeter HCAL-J is a detector useful to measure the energy of the particles; in
particular, HCAL-J will be used in HallA at JLab to detect the neutrons and protons in GMn,
the neutrons in GEn and the recoiling protons in GEp5 experiments (11).
For the study of the form factors of the nucleons, the main requirements for HCAL-J are
(12, 13):
•
•
•
•
•
•
•

matching acceptance with SBS magnet/polarimeter,
linear energy response,
good energy resolution,
95% efficiency with trigger threshold at 25% mean signal,
spatial resolution ∼ 5 cm rms
time resolution ∼ 1.0 ns rms (Goal: 0.5 ns)
angular resolution 5 mrad.

3.1. HCAL-J design
HCAL-J is a sampling calorimeter with a modular structure where each module, with a front
surface of 15 × 15cm2 and a length of 1 m, consists of 40 alternating layers of iron, in which
the hadron shower forms, and 40 plastic scintillators sampling its energy. The active area
consists of 288 modules, with a total weight of about 40 tons, arranged in a matrix with 24
modules in height and 12 in width. The iron plates are 1.5 cm thick, while the scintillating
plates are 1 cm thick (Figures 2 and 3).
In the middle of each module, there is a wavelength shifter (WLS, St. Gobain BC-484, with
a decay time about 3 ns), for better uniformity and efficiency in the light collection; we use a
very fast WLS, paired to extruded plastic scintillators (PPO only, 2,5-Diphenyloxazole), made
by Fermilab (Figures 4 and 5).
The WLS is connected to a photomultiplier (PMT), in order to collect the light from the
scintillating material and convert it into an electric signal related to the energy of the incident particle; the PMT’s used are 2” fast PMT’s (PHILLIPS Photonis XP2262/H, with a rise time
about 25 ns) for a good quantum efficiency (Figures 6).
The HCAL-J modules are assembled in four different subassemblies (72 modules each)
and will be possible to move the gantry and HCAL-J together, without the need to disconnect the cables, using a rollable stand (Figures 7 and 8).

RADIATION EFFECTS & DEFECTS IN SOLIDS

861

Figure 2. Design of HCAL-J.

3.2. GEANT4 simulations
Carnegie Mellon University, in collaboration with JLab, developed GEANT4 simulations
(14) about HCAL1 (the first prototype from COMPASS (15)) and HCAL-J, the definitive model, to evaluate the PMT’s, the WLS and the performances of the complete
modules.
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Figure 3. Six modules of HCAL-J.

Figure 4. Complete conﬁguration of each HCAL-J module.
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Figure 5. Conﬁguration of each HCAL-J module with WLS and light guide.

Figure 6. PMT base.

Figure 7. Representation of HCAL-J installation.
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Figure 8. Final HCAL-J layout in SBS spectrometer with rollable stand.

Figure 9. Position resolution for neutrons, obtained with GEANT4 simulations. (14)

3.2.1. Spatial resolution
The expected spatial resolution is in a range between 3 and 5 cm; in this way, HCAL-J might
have an angular resolution ∼ 5 mrad (Figure 9).
3.2.2. Energy resolution
HCAL-J can reach an adequate energy resolution for neutrons and protons, and the trigger
efficiency is good, as shown in Table 1.
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Table 1. Hadron calorimeter resolution and eﬃciency for neutrons and protons.
Energy
Resolution: σ /E (%)
Eﬃciency at 1/4 mean signal: neutrons (%)
Eﬃciency at 1/4 mean signal: protons (%)

2.5 GeV

5.0 GeV

10.0 GeV

48
97.3
98.8

31
99.2
99.6

22
99.1
99.0

Figure 10. On the top the trend of the eﬃciency for protons and neutrons; on the bottom the deposited
energy for neutrons and protons (16).

The response of HCAL-J for protons and neutrons and the trend of the distributions of
deposited energy for two different values of momentum; it is possible to see in Figure 10
that the response is the same for neutrons and protons (Figure 10).

3.2.3. Time resolution
The time resolution for HCAL-J modules, with COMPASS design, was around 0.9 ns, but with
the new design of HCAL-J, including new fast PMTs and WLS, could reach 0.5 ns (Figure 11).
3.3. First test with cosmic rays at JLAB
During summer 2018 the INFN Catania Group, in collaboration with JLab started the test of
some HCAL-J modules using cosmic rays.
We studied a 4 × 4 matrix of modules and respective PMTs, configured as shown in
Figure 12; so we tested 16 HCAL-J complete modules, using a trigger paddle placed on
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Figure 11. On the left time spectrum for COMPASS simulations modules; on the right time spectrum for
HCAL-J simulations modules (14).

Figure 12. 4 × 4 matrix of modules and respective PMTs that we chose to start the cosmic rays test.

the top of the first subassembly. The purpose of our test was the assessment of the performances of HCAL-J and its single components, before starting to use it for the experiments
in Hall A at JLab (Figures 12 and 13).
During the tests, we evaluated the operation of each used module and PMT; we set the
value of HV for each phototube in order to have the same mean amplitude and studied the
stability of the phototubes by repeating the measurements with the same HV (Table 2).
We analysed the response of each ADC channel: as an example we show the typical spectra for the modules 5 and 9, when imposing the quadruple coincidence for the vertical path
identified by the modules 1, 5, 9 and 13 (Figures 14–17).
We studied also the gain of the PMT’s when changing the value of the HV; we found the
following results (Figure 18; Table 3).
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Figure 13. 4 × 4 matrix of HCAL-J modules with HV cables connections (in red), signal cable connections
(in black) and four paddles on the top to give the trigger (Colour online).
Table 2. HV value for each PMT.
Ch.
0
1
2
3
4
5
6
7

HV

Ch.

HV

1349
1337
1305
1397
1316
1301
1330
1280

8
9
10
11
12
13
14
15

1341
1337
1314
1340
1405
1287
1297
1401

4. Conclusions
The HCAL-J collaboration group is formed by JLab, Carnegie Mellon University and INFN
and University of Catania. In particular, the Catania group:
• took part to the development of the HCAL-J concept in the framework of the Consortium
CMU/INFN&UniCT/JLab (working group of the Hall A Collaboration),
• organised the construction procuring the WLS, the light guides and the iron absorbers,
• was involved in PMT’s construction.
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Figure 14. ADC Spectrum for module no. 5; we have selected events on the vertical path.

Figure 15. ADC Spectrum for module no. 9; we have selected events on the vertical path.

Now the Catania Group is carrying on the following activities:
• Procurement and setup of a part of the electronics,
• Complete the cable gantry and rollable stand,
• Testing detector modules at JLab using cosmic rays.
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Figure 16. Scatter plot FADC5% FADC9.

Figure 17. Event display: vertical path (3, 7, 11, 15); in the x axis there is the ADC channel, in the y axis
there are the counts. Here the inverted PMT signal, as sampled by the FADC, are shown.
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Figure 18. Trend of the amplitude when we change HV, for module number 5.
Table 3. Evaluated gain for each PMT, by changing the HV
value.
HV
1151
1201
1251
1301
1351
1401
1451
1501

A1

A2

89 ± 3
208 ± 5
450 ± 8
953 ± 16
1704 ± 26
3166 ± 56
5421 ± 96
8772 ± 152

85 ± 4
195 ± 4
420 ± 10
984 ± 17
1779 ± 27
3202 ± 46
5365 ± 106
8962 ± 135

μ
87
201
435
968
1741
3184
5393
8867

σ
2.82
8.5
21.2
6.36
53.7
25.5
39.6
134.3

First results about the amplitude recorded for a subset of modules have been here presented, using as a trigger the cosmic rays. These results confirm the amplitude, estimated
by GEANT4 Monte Carlo simulations.
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