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Abstract
Two methods of energy reconstruction for long column CsI(Tl) crystal detector in the TEXONO experiment, using concepts of  “arithmetic mean “ and “geometric mean, have been developed.. Both theories and data analysis are discussed. Comparison of both methods indicates that the geometric mean method gives better energy reconstruction.
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1 Introduction
TEXONO (Taiwan EXperiment On NeutrinO) is an experiment aimed to study neutrino properties using reactor neutrino [1]. The array of CsI(Tl) crystal detectors is used in the experiment [2]. Each detector is a 40 cm long column of CsI(Tl) crystal and coupled with two PMTs (PhotoMultiplier Tube) at two ends. It is important to reconstruct the energy of the particle entering the detector using the outputs of the two PMTs. This paper discusses the energy reconstruction for a detector module. The methods we developed are also applicable in any energy reconstruction for long column detectors read out by PMTs at two ends.

2 Experiment

An array of CsI(Tl) crystal detectors, which has 11 layers and each layer has 8 or 9 detectors, is used in the experiment of TEXONO (shown in Fig.1). The CsI(Tl) crystal detector is made in Beijing Sensor Crystal Materials Co., Ltd. The length of each detector is 40 cm and cross section is a hexagon (each side is 2cm). Each end of the detector is coupled with a PMT CR110 (made in Beijing Hamamatsu Photon Technology Co., Ltd).

A 20 MHz sample rate FADC (Flash ADC) [3] is used to transform the electric current signal of PMT to digital signals for an entering particle. In the following discussions, we will process the data of the pulse shape and get the total charge of signal for one particle, then use this information to reconstruct the energy and position of the particle in the detector.

The calibration has been performed before data taking. The purpose of calibration is to obtain the energy response in different position for each detector. A total of 9 different position points are selected in the length direction of crystal. The interval between two points is 4cm (shown is Fig.1). The full energy peak of 662 keV of γ ray source 137Cs is used for calibration at each point. During data taking on site near the reactor core, the conditions are kept stable.
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Fig.1 (a) detector array and (b) one detector
3. Arithmetic mean energy reconstruction method

3.1 The relation between Q and the energy

The two PMTs provide the current pulse shape signals when γ rays hit the crystal. Integrating the pulse shapes, We can get the charges Qraw1 and Qraw2 gathered from each PMT by   integrating the pulse shapes. Since the gains of PMTs and the electronics systems may not be equal, the normalization parameters N1 and N2, as discussed in details in Section 3.3, are used to normalize Qraw1 and Qraw2 to produce:
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We define:
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Qtotal can be taken as the energy response. But the Qtotal for same energy will be different because of the difference of position along the length direction. Fig.2 shows the relation between the charges Qtotal and the entering positions Z for same energy of γ ray (E=662KeV, selected from the full energy peak of 137Cs). The curve of this relation can be fitted using quadratic function with parameters 
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For an arbitrary energy Em, Qtotal is in proportion to Em at the position Z0  such that:
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Qt662(Z0) can be obtained from calibration curve (made by 137Cs) at position Z0. The curves of relation between Qtotal and Z for different energy particles are similar (shown in Fig.2).Therefore, the energy of a particle can be decided by formula (3) and (4) based on the parameters 
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while knowing the position of the particle in the detector. The problem is how to obtain [image: image26.png]dem
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the energy without prior knowledge of the position 

(a) (b)
Fig.2 (a) relation between Q1, Q2, Qtotal and Z; (b) the family of the quadratic curves for different energy 

3.2 The relation between Q and Z

In order to know the entering position Z of the particle from Q1 and Q2 we define:
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The relation between Z and R we have measured in calibration test is shown in Fig.3. The function and the parameters 
[image: image9.wmf]1

0

,

b

b

can be obtained by fitting those points in the figure:
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The position of the particle can be decided by Q1 and Q2.from formula (5) and (6).
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Fig.3 relation between R and Z

3.3 Normalization parameter N

For a crystal with 40cm long, the output of PMT at left end QLaw at position of 4cm and output of PMT at right end QRaw at position 36cm should be same if the gain of two PMTs and electronic are same. Any difference between QLaw and QRaw is because of the difference of gain of two PMTs and electronic in two ends. So, QLaw and QRaw are selected to be the normalization parameter N1 and N2:

QLaw= N1
QRaw= N2
3. 4 Energy reconstruction

Based on the Q1 and Q2 we can measure the position Z from formula (5) and (6) with parameters b0 and b1 which was obtained in calibration. Then we can obtain the energy from formula (3) and (4) with parameters N1, N2, a0, a1, a2,.  

It should be noted that the parameters N1, N2, a0, a1, a2, b0 and b1 are not only depend on individual crystal but also on the measurement conditions (such as the high-voltage of the PMT or the gain of the amplifier) .If the conditions are different from that of calibration these parameters should be recalibrated. 

4 Geometric mean energy reconstruction method

The physics meaning of Q1 and Q2 are same as in method A. We define:
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Qg is a response of energy. Fig.4 shows the relation between Qg and Z. It can be observed in this figure that Qg is almost a constant for different Z. According to formula (1), we can find Qg still remains constant even if the Q1 and Q2 are instead replaced by Qraw1 and Qraw2 in formula (7).

Therefore, using Qg we can get the energy of entering particle without knowing position as following:
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Qg662 is the calibration value of 137Cs.

This reconstruction method is called geometric mean reconstruction method, because the geometric mean of Q1 and Q2 are used as the response of energy in this method. Corresponding, method A, which is mentioned above, is called arithmetic mean reconstruction method because the sum of Q1 and Q2 (arithmetic mean is 1/2 of sum, the same result can be got whatever using arithmetic mean or sum) is used in this method.

5 Comparison of the two methods

5.1 The principles of the two methods

For a long column shape crystal detector, length of which is 2S, when a particle enters the crystal at the position Z (shown in Fig.5), the light intensity reaching the PMT of each end are[4]:
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Fig.4 comparison of the two methods. Without normalization of Q, (a) is from a detector which has well symmetry of the both sides PMTs and (b) is from a bad symmetry one. (a) Qtotal approximates a quadratic curve and Qg approximates a line. (b) Qtotal didn’t approximate a quadratic curve and must normalize them before fitted. But Qg still approximates a line. From theoretic discussion (refer to 5.1 to see the detail) we can draw a conclusion that Qg didn’t be affected by normalization.

l is the attenuation length of crystal, L0 is the original light intensity at position Z. According to the formula (9), we can get:


[image: image16.wmf]l

S

e

L

L

L

2

2

0

2

1

-

＝

.













(10)

and
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This means that the square root of product of the light intensities at two ends is a constant independent of the position Z and proportional to the intensity of input light [5]. This is the principle of method B.

Formula (9) is expanded as:
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Adding up formula (12) and (13), we get the result without odd power of 
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Usually l >>Z, l is often more than 1 meter or longer; while Z is less than 20cm (the half length of the crystal) in the experiment. So ignoring the items of 4 or higher power of 
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 cannot bring large error to the analysis. Then the approximate fit function curve as formula (3) can be obtained with several parameters a0, a2…. This is the principle of method A. The absence of the 
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[image: image24.png]



Fig.5 illustration of the principle of two methods
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5.2 The energy reconstruction using two methods 
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Fig.6 a background spectrum. (a) scatter of points of Q1 and Q2; (b) reconstruction spectrum by method A; (c) reconstruction spectrum by method B. There is a full energy peak of 662KeV in the spectrum. That results from the self radioactivity of the detector. There is no more different of resolution between (b) and (c).

For the purpose of detecting neutrino, the detector array is well shielded to protect it from the background interference of neutron, γ and cosmic rays. Almost all of events have been took are the background from inside of detector (Crystal and PMT). The background spectrum is shown in Fig6.

Very clear peak in the fig.6 is full energy peak of 662KeV because of radioactive impurity 137Cs in CsI(Tl) crystal.Fig.6(a) as shown in the scattered plots of Q1 and Q2.Fig.6(b) shown reconstructed energy spectrum by method A, the resolution of the 662KeV peak is 12.7% .Fig.6 (c) shown reconstructed energy spectrum by method B, the resolution of the 662KeV peak is 12.0%.
5.3 The advantages of geometric mean reconstruction method

Comparing with method A (arithmetic mean reconstruction method), method B (geometric mean reconstruction method) has advantages as following:

From point a view of theoretical analysis, method B is closer to physical model than method A 

In practice, although the effect of reconstruction are similar, method B is much simpler in calculation and has no additional parameters such as N1, N2, a0, a1, a2, b0 and b1. The high-voltage of the PMT or the gain of the amplifier has no effect very much on energy reconstruction.

6 Conclusion

In this paper, we have discussed two methods of  energy reconstruction for long column shape CsI(Tl) crystal detector read out by two PMT at two ends. Compared two methods of energy reconstruction both in theoretical and data analysis , it can be concluded that the method using geometric mean has many advantages and can be used broadly.
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长柱形CsI(Tl)闪烁晶体探测器的能量重建
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摘要 本文提出了用于TEXONO中双端读出的长柱形CsI(Tl)闪烁晶体探测器的两种粒子能量重建方法——“算术平均值能量重建法”和“几何平均值能量重建法”，讨论了两种算法的理论依据和计算方法，对两种算法进行了比较，结论是几何平均值的方法能给出更好的能量重建。
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