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Abstract: An overall irradiation and calibration technique was introduced and applied to a test scintillation

detector array. An integral conversion method was used to reduce the nonlinearity of the time difference

spectrum, and to improve the position determination especially for positions close to the two ends of a long

scintillation bar. An overall position resolution of about 3.0 cm (FWHM) was extracted from the residual

analysis method and verified by a direct measurement. Energy calibration was also realized by selecting cosmic

rays at different incident angles. The bulk light attenuation lengths for the four test bars were also determined.

It is demonstrated that these methods are especially efficient for calibrating large and complex detector arrays.

Key words: neutron detector, calibration, position resolution, deposited energy, bulk light attenuation length

PACS: 21.10.Gv, 29.30.Hs, 29.40.Mc

1 Introduction

For extremely neutron-rich nuclei near the neu-
tron drip line, the separation energies of valence neu-
trons become very small, allowing them to tunnel into
the classically forbidden region with a large possi-
bility of forming a so-called “halo” structure [1, 2].
These neutron halo nuclei are often described as an
inert core surrounded by several valence neutrons
with a large spatial extension [3, 4]. For two neutron
halo nuclei, such as "'Li [5-10] and 5He [10-14], the
Borromean phenomenon might happen, which means
a bound three-body system with all binary subsys-
tems unbound [10]. It is evident that the interaction
between the core and the valence neutrons must be
nonlinear [4, 10, 15, 16] in order to build this Bor-
romean configuration. So far much attention has been
paid to investigating the correlation between the va-
lence neutrons [17-21], but its properties are still not
clear. To extract the property of this correlation in-
formation from experiments [22, 23|, neutron detec-
tors with an excellent performance are crucial, in-
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cluding accurate position and timing resolutions, high
detection efficiency and good cross-talk rejection ca-
pability [24, 25].

To achieve these requirements, many neutron de-
tector arrays, such as LAND at GSI [26] and MoNA
at NSCL [27, 28], have been developed. According
to the needs of the next generation of experiments,
we are also designing and developing a Multi-neutron
Correlation Spectrometer (MunCoS) array, aiming at
a horizontal position resolution of less than 5 cm
(FWHM) and a timing resolution of less than 800 ps
(FWHM). It cousists of 80 scintillation bars (type
BC-408), each measuring 200 cmx5 cmx6 cm and
connected to two photo-multiplier tubes (PMT, type
Hamamatsu R1828-01) at each end.

Traditionally the calibration of a large size system
relies on some small trigger detectors. Generally it is
necessary to move the trigger detectors to many test
positions in order to build the distributions. This is
quite time consuming and sometimes even impossible
if the array structure is complex. Here we introduce
an overall irradiation and calibration (OIC) technique
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[26], which is much faster and more effective for
a multi-layer large size position sensitive system,
such as MunCos. This technique relies on recording
all particles passing through the multi-layer system,
without position restriction. Then the data are an-
alyzed by applying various conditions as described
below. This technique is valid only for systems with
good homogeneity and the quality of the results de-
pends on the performance of the overall position res-
olution.

The test setup is a standing frame which can sup-
port up to six (actually only four are used) scintilla-
tion bars with a vertical spacing of 17.0 cm to each
other. Cosmic ray muons with high energies of a few
GeV are used in the test experiment. For each hit on
a scintillation bar, timing ¢;, (tg) and signal charge
Q. (Qr) (proportional to the deposited energy) are
recorded from the left (right) end of the bar.

The horizontal position along the bar is deter-
mined by the difference of the two timing signals
taken from both ends, subsequently called “time dif-
ference”.

2 Position determination

The position y along a scintillation bar is calcu-
lated from the time difference (At) of the two signals
taken from photomultipliers on both ends. The rela-
tion is generally expressed by a linear function [26-
28]:

y=kAt+b. (1)

Normally the calibration can be obtained by plac-
ing and moving a collimated gamma-ray source along
the bar, and recording the time difference accordingly.
This traditional method is inefficient and time con-
suming for a large array like MunCos.

An alternative method has been used in this study
[29]. When irradiated by the uniformly distributed
cosmic-rays, the time difference spectrum for the
whole bar exhibits approximately a rectangular shape
with two sharp edges (Fig. 1). Based on the linear re-
lationship between the position and time difference,
two edges of the rectangular spectrum correspond to
the geometrical two ends of the bar and then this
linear relationship can be deduced by accurately de-
termining the spectrum edges.

A differential operation is applied to the time dif-
ference spectrum. The two peak positions of the dif-
ferential spectrum are accepted as corresponding to
the two edge positions of the bar (By and Bp). The
linear relationship between the position y (in cm)

along the bar and the time difference At can then
be expressed as:

 At—By,

=—1L. 2
V=B B, (2)
or as a linear function of At:
L LBp
= At————. 3
Y= Bo—Bo " Bu—Bp (3)

where L (in cm) is the length of the bar. This overall
measurement is obviously much faster than the usual
collimation measurement.

time difference spectrum for bar2#
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Fig. 1. Time difference spectrum for bar2#, ex-

pressed in TDC channels.

The above method is used for a linear interpreta-
tion. But as we can see from Fig. 1, some nonlinearity
appears along the distribution, especially around the
two edges. From the uniform irradiation assumption,
these nonlinearities might be corrected. Denoting ¢
the average count rate per unit length, the integral
count (AN) on a given length interval (AL) can be
expressed as: AN =AL¢. ¢ might be obtained from
the total count (NV;) of the whole bar as ¢ = N, /L.
The actual position y relative to the left end, for a
given time difference value (At), is now determined
by the integral spectrum N (At):

_ N(At) N(A?)
T TN
where both At and N(At) are counted from the left
end to the actual value.

The integral function N(At) can be determined
from the time difference spectrum in Fig. 1 and the
position y for each At can then be deduced, as il-
lustrated in Fig. 2. Once the y versus At relation is
fixed through this integral conversion (IC) method as
demonstrated in Fig. 2, it can be applied to arbitrary

L. (4)

irradiation cases to build realistic position spectra.
In order to verify the validity of this IC method,
two 3-cm-wide small trigger scintillators were placed
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Fig. 2.
tegral conversion (IC) method.

The position y for each At from the in-

above the scintillation bar and centered at 70.0 cm
and 130.0 cm, successively, from the left end of the
bar. The measured time difference spectrum was
converted to the position spectrum according to the
above described IC method, as shown in Fig. 3. Gaus-
sian fits to the peaks reproduce very well the man-
ually set positions, proving the validity of the IC
method.

position spectrum from IC method for bar2#
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Fig. 3. Position spectrum of the cosmic rays

triggered by two small scintillators for bar2#.
The position spectrum was converted from
the time difference spectrum according to the
IC method. The manually set trigger posi-
tions (centered at 70.0 and 130.0 cm from
the left end of the bar) are well reproduced
(70.11+0.03 cm and 130.0£0.0 cm, respec-
tively, based on the Gaussian function fits).

This IC method is especially useful to correct the
nonlinearity near the two ends of a bar, where the
light propagation speed varies dramatically, and the
linear Eq. (1) is no longer valid. The difference be-
tween the positions determined from the IC method
(y1c) and from the linear formula (y.r) is shown in

Fig. 4. To avoid meaningless long tails, time differ-
ence spectrum cut offs were applied around the values
corresponding to the geometrical ends of the bar. As
can be seen from Fig. 4, the deviation in the central
part of the bar is less than about 0.2 cm, arising basi-
cally from statistical fluctuations, while large devia-
tions appear near the two ends. It is clear that the IC
method improves largely the position determination
in these regions.

position difference between IC and LF for bar2#
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Fig. 4. The difference between the position de-
termined from the IC method and that from
the linear formula (LF).

In a cosmic ray test of a multi-bar array, a muon
may simultaneously penetrate several bars and even
fire all of them. To determine a track correctly, the
whole system must be aligned along the y dimension
and the offsets should be fixed for every bar. Nor-
mally the uppermost and the lowest bars are manu-
ally aligned as accurately as possible to serve as refer-
ence bars. Then a narrow cosmic ray beam is selected
by cutting small position windows on the reference
bars. The offset for each test bar can then be fixed
by shifting the measured spectrum position to match
the reference bar position.

3 Position resolution

Normally a very small collimated radiation source
is needed to determine the position resolution. Here
we use, as an alternative, a much faster approach [26]
relying on the measurement of all cosmic-ray tracks
passing through the whole system. For each coin-
cidentally recorded event, a straight line can be ob-
tained by a linear fit to the four hitting points on
the four bars. Then the distance between the actual
measured position and the fitted hitting position is
recorded for each bar as its residual. This procedure
is repeated for all measured tracks, regardless of their
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actual position on the bar. A residual spectrum for
each bar can then be accumulated. One example is
plotted in Fig. 5. This kind of residual spectrum is
a description of the performance of position determi-
nation [26]. According to a Monte Carlo simulation
for the current detector setup [29], the position res-
olution should be about 1.25 times the residual un-
certainty. From this “residual analysis” (Fig. 5), the
position resolution (FWHM) of bar2# is extracted to
be about 3.0 cm.

residuals from linear fit to the track for bar2#
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Fig. 5. The accumulated residual spectrum, as
defined in Section 3, for bar2#. A Gaus-
sian function fit gives a standard deviation of
1.00+0.01 cm.

The above determined position resolution might
be verified by the traditional direct measurement
method. Using the triggered test data shown in
Fig. 3, a standard deviation of about 2.05 cm is ob-
tained, including contributions from the finite size of
the trigger scintillator and the resolution of the bar
itself. After subtracting the former by a Monte Carlo
simulation, the position resolution (FWHM) was de-
termined to be around 3.2 ¢cm, which agrees well with
the residual analysis. Therefore in cases where di-
rect measurement is not applicable (for a complex
and large array for instance), residue analysis would
provide a timely and effective way to check the posi-
tion resolution.

4 Calibration of the deposited energy

Energy deposited in a scintillation bar is a crit-
ical quantity for particle identification and for neu-
tron cross-talk rejection [30]. A new approach with
various path lengths of the cosmic rays was applied
in our test experiment. For each event, the charges
of the left and right side PMT signals, Q;, and Qg,
are recorded by a Charge-to-Digit-Converter (QDC).

For a long straight bar the exponential law for at-
tenuation of the light signal charge along the bar is
well satisfied [31]. Therefore the position indepen-
dent geometric mean charge ) for each event can be
calculated from @y, and Qg as:

Q= vV QLOR- (5)
Generally, @ is proportional to the deposited energy

AE:
Q=aAE+b. (6)

The coefficients a and b for a limited energy range
can be calibrated by using cosmic-ray muons at dif-
ferent incident angles, corresponding to different path

lengths. Denoting # the incident angle, —, the en-

ergy loss of the incident particle (muon here) per unit
length and A the thickness of the bar, we have:

Q_a< dE> o S ip

~dx ) cosf " cosf

with

and D = b, both being constants. Data used in the
above sections are from the same test measurement.
They can also be used here to determine C' and D.
Since all scintillation bars are position sensitive as de-
scribed above, tracks with incident angles from 0 to
60 degrees can be selected for the calibration. For
each 5° angular interval, @) values (in channel) of the
events are accumulated, and the mean ) value for
this interval is obtained from a Landau function fit
to the distribution. Shown in Fig. 6 are the mean @
values versus 1/cosf, where 6 is taken as the mean
angle of the corresponding angular interval. A linear
fit is also displayed in the figure together with the
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Fig. 6. Linear relationship between the signal

charge @ (in channel) and 1/cosf for bar2#.
Similar results were also obtained for other
three test bars.
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obtained parameters. The absolute value of dE/dx
is 2.0 MeV ee (electron equivalent energy) /(g/cm?)
for high energy cosmic muons passing through a plas-
tic scintillation counter [32]. With a density of 1.032
g/cm® and a thickness of 5 cm for a current scin-
tillation bar, constant a (in Channel/MeV ee) in
Eq. (6) for the current test bar2# can be deduced
as: a=C/10.32 MeV ee=82.1 ch/MeV ee. And con-
stant b is equal to D (67.4 Channels), corresponding
to the background level.

5 Bulk light attenuation length

The bulk light attenuation length is an important

parameter describing the performance of a long scin-
tillation bar. This parameter can also be determined
by the OIC method. When a muon hits a scintilla-
tion bar at position y (relative to the left end), two
light signals will propagate to the left and right ends,
respectively. The signals will be attenuated expo-
nentially along their paths, and be collected and con-
verted to charge signals by PMTs. The charge signals
for the PMTs, in QDC channels, are then expressed
as:
Qgr =crERe =5 , (8)
where ¢, and cg are the PMT response coefficients,
Er, and Eg the light sharing at the position of track
crossing, and A the bulk light attenuation length. We
further deduce:

In(Qr/Qr) = In(Er/Ey)+In(cr/cL)+ (2x—L)/A

QL = CLELe%y

= M+(2/N)y, (9)

with M = In(Er/EL) +1n(cg/cr) — L/A, being inde-
pendent of position .

All recorded events with hitting positions in a
range between 30 cm and 170 cm are used and di-
vided into y intervals of 10 cm each. For each posi-
tion interval, In(Qr/Q1) values are accumulated, and
their mean value is obtained from a Gaussian func-
tion fit to the distribution of In(Qr/Q:). In Fig. 7,
the averaged In(Qr/Q:) results are plotted against
the interval mean positions, and a good linear rela-
tionship is obtained. Attenuation length A can then
be extracted from fitting the data with Eq. (9).

Results for the current four test bars are listed in
Table 1. The error bars on the data points in Fig. 7
with the parameters in Table 1 are statistical only.
Due to light reflection processes within a limited bar
volume, the realistic attenuation lengths in Table 1
are normally smaller than those in an infinitely large
size crystal, namely 380 cm given by the manufac-

turer (Saint-Gobain Crystals). Also the attenuation
length varies bar to bar, as indicated in the table, due
to possibly the non-uniformity of the crystal property
and the treatment of the crystal surface.
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Fig. 7.
along the scintillation bar0#. Similar results

In(Qr/QL) as a function of the position

were also obtained for other three test bars.

Table 1. The bulk light attenuation length (\)
for each test bar, determined from the present
test experiment.

bar #0 #1 #2 #3
A/cm 273.6£1.4  255.94£0.7 338.6+2.8 321.9+2.5

6 Summary

An overall irradiation and calibration technique
was developed and applied to determine the detec-
tion performances of a scintillation detector array. All
cosmic ray muons passing through the whole system
were recorded simultaneously and contribute equally
to the calibration procedure. Based on a large num-
ber of events the test procedure becomes fast and
very effective. Through a differential operation on the
time difference spectrum, the channels corresponding
to the geometrical two ends of the bar are precisely
determined. An integral conversion method can be
used to reduce the nonlinearity of the time difference
spectrum, and to improve the position determination,
especially when approaching the end of a bar. An
overall position resolution of about 3.0 cm (FWHM)
was extracted from the residual analysis and verified
by a direct measurement. Energy calibration was re-
alized by using cosmic-rays at different incident an-
gles. The bulk light attenuation lengths for the four
test bars are also obtained. Techniques and meth-
ods developed here are applicable to other multi-layer
large-size position-sensitive arrays.
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