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Cosmic muons are used to calibrate the position, light output and the relative timing offset of the Large
Area Neutron Array (LANA). Each 2 x 2 m? LANA wall consists of twenty-five horizontal neutron detection
bars. Each bar is 2 m long with a cross-section of 6.35 x 7.62 cm? Pyrex container filled with NE-213 organic
scintillation liquid. The average position and time resolution of a bar is found to be about 8 cm and 500 ps
FWHM, respectively. Our method provides an accurate, fast and convenient calibration of LANA that can be

applied to general scintillation arrays without the use of radioactive sources or beams.

1. Introduction

Neutrons are produced in nearly all nucleus-nucleus collisions.
They yield important information about nuclear structure as well as
dynamics of nuclear reactions. Thus, in recent years more and more
dedicated neutron arrays have been incorporated into new generation
of nuclear physics experiments [1-13].

Due to the relatively low interaction probability, detection of fast
neutrons represents a considerable technical challenge. Typically, cal-
ibration of a neutron detector requires the use of radioactive sources
that produce gamma rays with well-known energies [1,14]. Nearly all
of these sources have low energy gamma <5 MeV. Furthermore, for
large detector array, calibration has to be done at various positions
of individual detector to determine the position dependence of the
light collection of the photo-multipliers incorporated in the neutron
detectors. Such procedures are tedious and time-consuming especially
when the area of the arrays is large. Alternatively one can use nuclear
reactions that produce neutrons at fixed energies for calibrations. The
latter method requires accelerated ion beams which may not be readily
available [15,16].

The purpose of this paper is to describe a method that uses high-
energy muons produced in cosmic-ray showers to calibrate the light
response of a large neutron array [17-20]. The mean muon energy is ~
2GeV [21]. Our work also shows how the time and position resolutions
of the array can be obtained and how to match the time difference of

each neutron detector without an external timing detector. We illustrate
our method with the Large Area Neutron Array (LANA) constructed at
the National Superconducting Cyclotron Laboratory [1] but the method
is general and can be applied to other neutron detectors. LANA has been
used in many nuclear experiments [22-24]. Its properties including the
position and time resolution have been characterized in Ref. [1] with
radioactive source and beam. When appropriate, we will compare our
results to that from Ref. [1].

This paper is organized as follows: After a brief introduction, Sec-
tion 2 describes the setup of LANA and associated electronics. Section 3
discusses the position and time resolution of the bars by using cos-
mic muons. It also describes a procedure to obtain the relative time
offsets between different scintillation bars in LANA. Section 4 shows
how signals produced by cosmic rays can be used to characterize the
attenuation length of each bar and the procedure to match the gain
of photomultipliers on opposite end of a scintillation bar. Section 5
is dedicated to the light-output calibration procedure, including the
position dependent corrections. Finally, our work is summarized in
Section 6.

2. Experimental setup: The large area neutron array

The Large Area Neutron Array (LANA) is composed of two large
neutron walls, each of which consists of 25 independent detection cells
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Fig. 1. Schematic drawing of one wall of the Large Area Neutron Array.
Source: This drawing is adapted from Ref. [1].
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Fig. 2. Schematic of the electronics setup (for one PMT) used to process signals from the Neutron Walls when the wall is used in standalone mode. An exact reproduction of
these circuits are used to process signals obtained with each of the 100 individual PMTs. “Fast” and “total” are two copies of the original anode signal but integrated respectively
by using a fast gate (containing only the fast component of the signal) and total gate (containing the whole signal) for PSD analysis. PMT dynode signals are used for timing.

that cover a total area of 2 x 2 m?. Each detector cell is a 2 m-long Pyrex
glass container, with a rectangular cross section of height » = 7.62 cm
on the vertical direction and depth w = 6.35 cm as indicated in the
upper corner of Fig. 1, filled with liquid organic scintillator NE-213. To
maximize detection efficiency, the LANA features large active detection
area, small dead space between scintillators and minimum amount of
inactive mass through which the neutrons must pass [1]. For heavy
ion collision experiments, it is designed to detect neutron from about
10 MeV to about 300 MeV when it is placed at 4.5 m from the target.
Despite recent advance in new scintillation materials, liquid scintil-
lator is still the most cost effective way to build large area neutron
detectors. NE-213 was chosen for its excellent efficiency for detecting
fast neutrons and its pulse shape discrimination (PSD) properties that
enable the discrimination between neutrons and gamma-rays [25,26].
Its PSD characteristic is especially desirable for heavy-ion collision ex-
periments where copious photons and neutrons are produced and must
be identified in data analysis. Both ends of each Pyrex bar are coupled
with 7.5 cm diameter Philips Photonics XP4312B/04 photomultipliers
(PMTs), to detect the scintillating light produced in the bar by an
incident radiation. Typical high voltage employed on PMTs is 2200 V.
The scintillator bars are horizontally stacked as schematically shown in
Fig. 1. Taking into account the thickness of the Pyrex glass (3 mm) and

a gap of 3 mm between bars, the total active geometrical area of the
2 x 2 m? wall is reduced by about 12% [1].

The physical location of each bar is determined by laser measure-
ments made on the surface of the wall with respect to a global reference
frame in the Facility for Rare Isotope Beams (FRIB) Laboratory [27].
Such measurements allow one to determine not only the absolute
position of each bar with respect to the target during an experiment, but
also the relative positions between bars of each wall, which is relevant
for the time calibrations described below.

In order to implement the detector capabilities described above,
we used the electronics setup schematically shown in Fig. 2 for one
PMT. An analogous electronics chain is replicated for each of the 100
PMTs in the two neutron walls. Each PMT has an embedded passive
voltage divider circuit as described in Ref. [1]. Such a circuit, omitted
in the drawing of Fig. 2 for the sake of clarity, allows one to use both
the anode and the last dynode signals, labeled respectively as “anode”
and “dynode” in the figure. The anode signal is a negative-voltage
pulse that contains the charge from the multiplier chain and is used
to produce the integrated charge signals. To enable the PSD analysis,
the anode signal is initially split into two equal signals by means of
an NSCL passive splitter module. One split signal, named ‘“total” in



K. Zhu, M.B. Tsang, D. Dell’Aquila et al.

Fig. 2, is sent to a channel of a common gate CAEN V792 charge-to-
digital converter (QDC) [28] for the integration of the total charge.
The other split signal is integrated for its fast component (~30 ns).
To successfully implement the detection of more than a single particle
in an event, which is required for high-multiplicity heavy-ion collision
experiments, the gate for the fast component integration is generated
independently for each hit within an event. The gate is generated from
the dynode signals by using a Lecroy 1806 16-channel constant-fraction
discriminator (CFD) [29] and a CAEN C469 16-channel gate and delay
generator [28]. These gates are used to digitize the fast component of
the anode signals using a CAEN V862 individual gated QDC [28]. This
allows the PSD technique to be applied exclusively to single-particle
events. The logic chain, which includes trigger, gates, and timing, is
implemented by using the dynode signal from the PMT voltage divider
fed into the CFDs. The trigger to the acquisition system is produced
by a logical “OR” of all the CFD signals for each PMT in the walls
in anti-coincidence with a global busy signal, generated as the “OR”
of the computer busy and a fast busy signal, obtained by stretching a
copy of the trigger itself. The latter prevents multiple triggers at a time
interval shorter than the time required by the circuit to generate the
gates and to process the event. The trigger signal is used to produce
the total gate for the commonly gated QDCs, which is a logic signal
of about 3 ps in length, as well as the time reference and trigger
signals for the CAEN V1190A time-to-digital converter (TDC) [28].
This TDC records the time difference between the individual dynode
CFD signal and this reference signal, which are used for the position
and time calibrations of the wall. Finally the trigger is sent to the
data acquisition to enable the readout of each module. In the latest
experiment using LANA, digital electronics was set up in parallel to
the analog electronics for 8 bars. Analysis using digitized waveforms
to devise software algorithm to improve neutron/gamma pulse shape
discrimination (PSD) is discussed in Ref. [26].

3. Position and time offset calibration
3.1. Impact position calibration

When an ionizing radiation strikes one of the bars of the neutron
wall, scintillation light is isotropically produced in the NE-213 liquid
scintillator along the ionization path. The horizontal X-position of the
hit is extracted by comparing the time signals recorded by the PMTs at
the two ends of the bar, while the vertical Y-position is constrained by
the physical dimension of the scintillation fluid inside the bar.

Given fig; and 1,4, as the absolute times which correspond ideally
to the arrival times of the scintillation light at the left and right PMT
photocathodes, the horizontal position of the particle hit along the bar,
with respect to the bar center, is given by:

et ~ Tright =T _

X = — 7 (€D)]

where & is the average horizontal speed of the light propagating
through the bar and 7 is the residual delay since the timing for the
left and right PMT and electronics channels are not exactly the same
due to different cable length, different delays in electronic channels or
modules etc. Because the cosmic rays hit the neutron wall bars with no
preference, the hit distribution along one bar should be uniform. The
time difference, At =t — 1,4, distribution is shown in the top panel
of Fig. 3 for bar #8 of the LANA walls. As expected, the distribution is
almost flat with two sharp edges, corresponding to the geometrical left
and right ends of the bar. In order to determine the left and right edge
consistently for all the bars, we perform a numerical differentiation
of the time difference spectrum. The result exhibits two sharp peaks,
where the time difference differential diverges negatively at 4t ,, or
positively at Ar,;, as shown in the bottom panel of Fig. 3. A numerical
peak finding method can then be used to infer the positions of the two
edges. An analogous procedure is applied to all the bars. The following
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Fig. 3. (top panel) Time difference, #, — 1,y distribution for cosmic muons obtained
with bar #8 of the LANA. A numerical differentiation of this spectrum (bottom
panel) is used to determine the position of right and left edges of the fif — #gn
distribution consistently as indicated by the dashed lines, which correspond to —%
and % respectively.
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Fig. 4. A schematic drawing of a cosmic muon track penetrating 10 consecutive bars
in the wall. Red stars represent the hit positions. The reconstructed muon track (blue
slanted line) is obtained by fitting the measured hit positions on the bars with a
straight line. AX indicates the position deviation between the expected and the actual
hit position. 4d, . is the theoretical distance between two hits on a certain bar and
reference bar respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

equations can be used to obtain the position calibration parameter of
a bar:

Atmax + Atmin
2

2L

- Atmin

T

—~

2)

13

Atmax

where L is the bar length.
After the position is calibrated, we define a cosmic track by fitting
the impact positions measured in at least ten consecutive bars as
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Fig. 5. Position deviation distribution for bar #8.

schematically shown in Fig. 4. (Except in Section 5, no other condi-
tions are imposed on the cosmic tracks.) From the fitted track (blue
diagonal line passing through the bars in Fig. 4) we can calculate the
deviation (4X) between the impact position and that extracted from
track reconstruction. Fig. 5 shows the AX distributions for Bar #8 with
a FWHM of 6.92 cm. The obtained position resolution is averaged over
a LANA bar. It is worse towards the end of the bar due to attenuation
of the light signal from the PMT located at the opposite end. It is
worth noting that the above resolutions include the uncertainty in the
track reconstruction. The mean position resolution for all 25 bars is
8 + 1.5 cm which is consistent with the position resolution obtained in
Ref. [1] suggesting that the PMTs in LANA wall have not deteriorated
significantly even after 25 years. The X position resolution is similar to
the height of the NE-213 liquid inside the Pyrex cell (7.02 cm) which
determines the Y position resolution.

3.2. Time resolution and time offset calibration

Cosmic muons travel at nearly the speed of light. As illustrated
in Fig. 4, theoretically, one can calculate the expected arrival time
difference of a cosmic muon track between two bars since we know
the position of the bars accurately. The expected time difference of the
signal recorded in a bar used as the reference and the ith bar of a wall
is given by:

ATH = Aot 3)
i v

where Ad, ¢ is the theoretical length of the cosmic muon path from
the ith bar to the reference bar determined by the track fit, and v =~
¢ is the speed of the cosmic muon. The time difference measured
experimentally with TDC is given by:

ATeXp _ (tlefl + tright)ref (Ileft + tright)i
iref 2 - B iref

(€3]

where §; ¢ is the time difference between bars arising from differing
cable and electronic delays. Fig. 6 shows the distribution of AT, =
AT E — AT for each of the bars in a LANA wall. The Y-axis is the
bar number, i. Bar #12 is chosen as the reference bar with the obvious
result AT}, 1, = 0. Deviation of §; ..; from zero suggests that time delays
arising from the differences in cable and electronic delays, etc. are
different for pair of bars. While we cannot determine the absolute
time offset or delays for each bar, we can align the peaks of AT}, to
zero as shown in the lower panel of Fig. 6. Fig. 7 shows a Gaussian
shape distribution of AT for bar #8 with FWHM of 751 ps. The
time resolution, FWHM, for bar #8 involving two PMTs can be deduced
as: BLE = 53] ps assuming the time resolutions of all the PMTs and

theregre the bars are similar. The average time resolution for all 24
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Fig. 7. Time deviation distribution for bar #8.

bars is 504 + 106 ps. The small standard deviation of the mean justifies
the asumption that the time response of the PMTs are quite similar.
However, this time resolution cannot be compared directly to the time
resolution of 1 ns obtained in Ref. [1] which involves the use of an
external time zero Si detector.

4. Light attenuation length and gain-matching of photomultipliers

When an incident particle interacts with the NE-213 liquid, only a
small fraction of the produced optical photons directly reach the PMTs.
Some photons are lost completely and the rest of the photons experi-
ence multiple reflections on the surface of the Pyrex glass cell before
being collected by the PMTs. The photons that reach the photocathodes
are detected by the left and right PMTs attached at the end of the Pyrex
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Fig. 8. Eq. (6) as a function of the position X along the bar #8 for cosmic ray data.
The red dashed line is a linear fit of the distribution. The intercept of the best fit line
is compatible with (0,0), indicating a good left-right matching of the PMT gains. The
slope allows to extract the attenuation length of the bar.

tubes and converted to charge by the QDC in Fig. 2. The measured

charge is a function not only of the number of photons produced by the

incident particle (and therefore of the energy deposited by the particle

in the material) but also of the hit position X as described below:
L/2-X

N
Qrighl(N» X) = 8right ?e 4

N _L2+X
Qe (N, X) = giere ¢ 7

(5)

where g and gip are the gain of the corresponding PMT, L is the
bar length, N is the total number of photons emitted and A is the
technical attenuation length (TDL) of the scintillator material in our
detector to optical photons. TDL not only describes the self-absorption
in the material but also includes the effect of geometry. 4 is therefore,
normally smaller than the material bulk light attenuation length, which
is ~270 cm [30]. The logarithm of the ratio of Eq. (5) gives a linear
expression:

Qright
Qlef t

In( 8right

0 = 2X +In(—E) ®)

&left

Sright
. 8left
ratio of the two PMTs In( %)(X ) as a function of X for bar #8. The

with a slope equal to % and an intercept In( ). Fig. 8 plots the gain

distribution is mostly linear with some curvature at large absolute X
values due to the light collection efficiency near the end of the bar.
The red dashed line is the result of a linear fit of data from —90 c¢m to
90 cm to avoid any possible effect near the end of the bar. We have
varied the range of fit from (—80 c¢m, 80 c¢cm) to (=90 cm, 90 cm) and
find that the fitting results are stable to within 1%. The mean A value
for all the bars in the array is 94 + 8 cm. Thus the light attenuation
effects are significant in the LANA, due to its size and geometry.

The intercept of Eq. (6) is the left-right gain ratio and can be used
to facilitate matching the gain of left and right PMTs of each bar using
the following procedure. A cosmic ray run is performed to produce a
plot similar to Fig. 8. Using the power-law of the high voltage (HV),
gain ~ (HV)V, (e.g. N ~ 8 for LANA) a new gain setting is chosen to
minimize the intercept. It takes about 3 iterations to adjust and match
all HV for 100 PMTs in LANA in order to consistently equalize the PMT
gains for all the bars with (%), close to one. One can also use the

vanishing intercept in Eq. (6) to judge the quality of the gain matching
in offline analysis. In our case, the statistics from an overnight run is
sufficient for one iteration. The same method can also be used between
experimental runs to monitor the gain of the neutron detection array.
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Fig. 9. (Top panel) Uncalibrated left-right GM as a function of the position along bar
#8. Vertical cosmic rays are selected by restricting data to those with impinging angles
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the bar. Black points are the position of the cosmic ray MPV deduced with a Landau fit
of data for each position bin. The blue line is the result of a quadratic fit of the cosmic
MPV position dependence. (Bottom panel) Same as top panel after light calibration and
position dependency correction.

5. Light output calibration and position corrections

In order to calculate the neutron detection efficiency from simula-
tion, we need to know the neutron light output threshold accurately.
We use cosmic muons to calibrate neutron signal light output to MeV
electron equivalent (MeVee). Cosmic muons reaching the sea level
have a mean energy of 2 GeV [18,20,21]. The most probable energy
deposited in the scintillator material by such muons depends on the
length of their path in the material. We simulate the interaction of
2 GeV muons with the NE-213 material by using the GEANT4 toolkit
and the standard electromagnetic physics list. Our simulation indicates
that, if muons punch through the bar vertically, the expected deposited
energy has a Landau distribution whose most possible value (MPV) is
11.02 MeV. To calibrate the neutron detectors, we require the incident
angles of the cosmic muon track to the axis to be within 10 degree
perpendicular to the horizontal central axis of the bar. This is to ensure
the shortest track path in the scintillating liquid in the neutron bar
to be consistent with the simulations, in order to achieve accurate
determination of the energy loss by the cosmic muons. The 10 degree
condition is chosen so that the uncertainties of transverse length of the
track in a bar is consistent with the position resolution of the bars.

To minimize the position dependence, the geometric means (GM) of
the charges in the left and right PMTs defined below is typically used
for the energy-light calibrations of neutron detectors:

\/Qleft(N’ X)Qyign (N, X) = f(N) = % \/ 8ier Erighie L/ @

Fig. 9 shows the GM distributions of bar #8 with a bin width of 20 cm.
Consistent with the GEANT4 simulations, the GM distribution shown
in Fig. 10 has a Landau shape. The black squares in Fig. 9 (top panel)
show the MPV of the Landau GM distributions of vertically-penetrating
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Fig. 11. Position corrected light output spectrum obtained with an AmBe source for
bar #8. The Compton edge is fitted with a Fermi function and the deduced position
associated to the 4.44 MeV transition in '>C is indicated by an arrow and a dashed
line. The theoretical value of the Compton edge is 4.2 MeV.

cosmic rays as a function of X position. The statistical uncertainties
of the black squares are smaller than the size of the marker. Despite
using the GM of Eq. (7), there is still some position dependence, most
likely coming from the position dependence of the light collection
due to scattering and reflections along the bar. This residual position
dependence can be corrected empirically by flattening the experimental
GM distribution for each X position using a parabolic fit of MPV (blue
line in Fig. 9 (top panel)). The flattened or corrected GM vs X-position
spectrum is shown in Fig. 9 (bottom panel), where the MPV of the GM
has been calibrated to 11.02 MeVee.

To validate the cosmic ray energy-light calibration procedure, we
placed an intense Americium-Beryllium (AmBe) neutron source at a
distance of about 60 cm from the front of the LANA walls. Such source
emits a mono-energetic 4.44 MeV gamma-ray from the reaction of
a +°Be — n+ '2C*. A typical AmBe gamma spectrum obtained with
bar #8 is shown in Fig. 11. The sharp Compton edge expected to lie
at 4.2 MeV, can be easily defined by fitting it with the sum of a Fermi
function and a linear background. The Fermi function is of the form
f(x) = expiﬁ, where ay, a,, a, are free parameters. The position

of the Comp%on edge is determined from the a; parameter by using
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Fig. 12. The cosmic-ray energy-light calibration curve (red line) obtained by using the
11.02 MeVee constraint of the cosmic muons and the zero-offset (blue solid circle and
blue square, respectively). The open star corresponds to the Compton edge discussed
in Fig. 11. The open blue circles are two additional light-energy calibration points
obtained by select cosmic muons that punch through the detector at 44.4 + 5 and
56.3 + 5 degrees with respect to the axis perpendicular to the bar length.

the method proposed in Ref. [31]. The open star in Fig. 12 shows
that the 4.2 MeV from the Compton edge calibration lies along the
red line obtained from the cosmic calibration at 11.02 MeVee and the
zero offset of the electronics confirming the validity of our calibration
procedure. The statistical uncertainties of the blue square, open star and
blue circle points are smaller than the size of the marker in Fig. 12.

By selecting cosmic tracks at large incidence angle, the calibration
can be extended to higher energy depositions. We select cosmic muons
that punch through the detector at 44.4 + 5 and 56.3 + 5 degrees with
respect to the axis perpendicular (0 deg) to the bar length. According
to the GEANT4 simulations, such muons should deposit 15.4 and
19.8 MeV. These points are added to Fig. 12 as the blue open circles.
It appears that the light response remains linear out to 20 MeV.

6. Conclusion

In summary, we describe the calibration of a large area neu-
tron array using high-energy muons produced in cosmic ray showers.
The methods have been successfully applied to LANA, the NE-213
scintillator-based neutron walls constructed at the National Supercon-
ducting Cyclotron Laboratory. The cosmic muon allows us to obtain
position and time offset calibration of individual bars in the array. Typi-
cal position and time resolutions of a LANA bar are found, respectively,
to be 8 cm and 500 ps FWHM. These measurements serve as bench-
marks for future upgrade of the LANA. Calibration with the cosmic-ray
muons also allows us to correct for the position dependence of the light
response along the bar. The energy-light calibration obtained with the
cosmic muon and an AmBe radioactive source is linear. We also present
a procedure to perform gain matching of the PMTs with cosmic data.
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