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Two different systems have been built to study the geomagnetic field effect on the performance of large area photomultiplier tubes. The main characteristics of photomultiplier tubes such as gain, collection efficiency, transition time spread and energy resolution were measured to investigate the effect. This study shows that both the dynode structure and the orientation of photomultiplier tubes have a large influence on the performance due to the geomagnetic field effect. Different methods were proposed and tested to reduce these effects. The results were obtained with and without high-permeability permalloy foil shielding. It is found that the effect of the geomagnetic field can be significantly reduced by the permalloy foil. The influence of the geomagnetic field under different installation geometries is also studied and discussed in this paper.
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1 INTRODUCTION
Large area dynode-style photomultiplier tubes (PMTs) are very sensitive to magnetic fields. In fact, even geomagnetic field has significant effects on the performance of these large area PMTs [1]. This is mainly due to the long travel distance of photoelectrons inside the PMT. Large area dynode-type PMTs usually have a spherical design with a large distance between the photocathode and the dynode collector [2]. When the photoelectron generated from the photocathode travels to the dynode in a magnetic field, its track is deviated from the orbit due to the Lorentz effect, while the track is also changed between series dynodes. This then affects the performance of the PMT such as the gain, collection efficiency, energy resolution and transition time spread (TTS).
Many articles have studied the geomagnetic field effect on the properties of PMTs with particular relevance to their specific experiment requirements. E. Leonora et al. tested the geomagnetic field effect on properties of Hamamatsu 8″ and 10″ PMTs in detail for a cubic-kilometer-scale neutrino telescope [3]. E. Calvo et al. studied the effect of the geomagnetic field on PMT using magnetic shielding materials for different parts of the PMT according to the requirements of the Double Chooz experiment [4]. P. DeVore et al. tested the effect of the geomagnetic field on different types of PMTs and used a new shielding material to shield these PMTs, as required for the Daya Bay experiment [5].
The Jiangmen Underground Neutrino Observatory (JUNO) is currently under construction in Jiangmen, China [6], and is to measure the neutrino mass ordering with a precise energy resolution of 3%/[image: image] [6]. To achieve it, JUNO requires that the PMT photocathode coverage is larger than 75%, and the PMT quantum efficiency is better than 35%. Two kinds of 20-inch PMTs will be applied in JUNO experiment: conventional dynode design PMT manufactured by Hamamatsu [7] and new microchannel plate (MCP)-PMT manufactured by North Night Vision Technology (NNVT) [8]. These PMTs will be installed around a spherical acrylic vessel to detect the light emitted from the target inside the vessel. This paper mainly studied the effect of the geomagnetic field on conventional PMTs from Hamamatsu. The measurement system and setup are described in Section 2. The results of the experiments, considering the effects of PMT dynode design and installation position, are presented and discussed in Section 3, 4 respectively. The conclusions are given in Section 5. Since both the 8-inch R5912 tested in this paper and the 20-inch R12860 used in JUNO is Hamamatsu Box & Line-dynodes tube and have a similar upper bulb shape, the experiment results give guidance of studying the geomagnetic effect on 20-inch PMT.
2 EXPERIMENT SETUP
The PMT used in this experiment is Hamamatsu 8-inch PMT R5912 [9], which operates at a gain of 107. R5912 is a typical type of PMT widely used in high energy physics experiments [5,10,11]. The behavior of the large area PMT in the geomagnetic field is mainly due to the PMT’s design and orientation in the magnetic field. As shown in Figure 1, the dynode structure of the PMT is asymmetric. To study the effects of the geomagnetic field from the internal structure of the PMTs, a rotation device was built (see in Section 2.2). To investigate the effects when PMT is installed toward to different directions, a revolution device was built (see Section 2.3).
[image: Figure 1]FIGURE 1 | Rotation test system. On the left side, the PMT can be rotated around its polar axes while the geomagnetic field and the PMT remain relatively the same. On the right, it is the reference direction of the first dynode.
2.1 The measurement system
The critical parameters to describe the geomagnetic field effects on the PMTs includes the gain, collection efficiency (CE), energy resolution (ER) of the single photoelectron (SPE) spectrum, and the transition time spread (TTS), which is also tested under SPE mode of the PMTs. In this experiment, the incident light is provided by a 405 nm laser diode which has the advantages of a small divergence angle and minimum time delay. The SPE spectrum can be obtained by modifying its light intensity by adjusting the voltage, duty ratio and frequency of the power supply. The spectrum is measured with a Charge-to-Digital Converter (QDC). An event counter is used to calculate the relativity collection efficiency. A time-to-digital converter (TDC) module is used to measure the TTS with a resolution of 35 ps/LSB.
2.2 The rotation device
In the rotation device, the PMT is mounted on a horizontally placed holder, with the polar axis parallel to the vertical plane. Figure 1 (left) is a front view of the set-up. It brings the PMT rotating along its polar axis. When rotating the PMT, the incident light and PMT location keep the same but the dynode direction changes with respect to the local geomagnetic field. The PMT reference direction is shown on the right in Figure 1, denoted as R, is drawn from the center of the arc edge of the focus to the center of the PMT. The angle between the PMT reference direction and the horizontal component of the geomagnetic field B is denoted by ϕ when the PMT rotates clockwise.
In this test system, the emission direction of the photoelectrons does not change relative to the geomagnetic field. However, the relative position of the PMT structure changes when the PMT rotates around its polar axes. Therefore, the output signal varies with the change of the angle ϕ between the reference direction and the local geomagnetic field.
2.3 The revolution device
In a large area PMT, the distance between the photocathode and the first dynode is quite large, and the photoelectron path is strongly affected by the geomagnetic field when it travels from the photocathode to the first dynode. Due to the above effect, the energy and direction of the incident electrons are not uniform anymore. Hence the secondary electron emission coefficient, the gain, as well as the CE, of the PMT vary a lot in different situations. For example, when large area PMTs with the same structure are installed at different positions, the angle of illuminating light and the geomagnetic field will be different, and the photoelectron flying track affected by the geomagnetic will also be different. So a revolution device (shown as Figure 2) is designed to study how the installation position of the PMT contributes to its characteristics in the geomagnetic field.
[image: Figure 2]FIGURE 2 | Revolution system. This device can bring the PMT rotating around 2π in two plates.
The rotation components were composed of two parts: the dark box which could rotate around 2π in the vertical direction, and a horizontal rotation plate which could rotate around 2π in the horizontal direction below the base. Two 8-inch PMTs can be installed in this device for simultaneous test with point-like light illumination. So in this device, a dark box could bring the PMTs and rotate around 4π manually.
2.4 The shielding of the geomagnetic field
There are two ways to reduce the influence of geomagnetic field on PMT: high permeability permalloy shielding and coil compensation [4,5,12]. In the experiment, permalloy shielding was used to reduce the geomagnetic field effect on PMT with the advantage that the geomagnetic field could be selectively blocked based on the specific influence of different azimuths of the PMT.
The shielding materials were rolled into a cylinder and can cover the entire PMT. The direction of the cylinder is always parallel to the polar axes of the PMT. When the local geomagnetic field is about 38.04 μT, the residual intensity of the geomagnetic field after shielding is reduced to 12.12 μT.
3 THE CONSTRUCT FACTOR OF THE PMT IN THE GEOMAGNETIC FIELD
3.1 The PMT construct contribution
The process of the geomagnetic field effect on photoelectrons in a PMT can be divided into two steps. First, the photoelectron is deviated from the focus by Lorentz force when it travels from the photocathode to the focus, resulting in a decrease in the collection efficiency of the PMT. Secondly, part of the secondary electrons will drift from the effective multiplication area under the action of Lorentz force from the focus to the anode, which will result in the loss of PMT gain [3]. Meanwhile, TTS and ER are also influenced by the geomagnetic field. TTS is affected due to the variation in electron trajectory during travel, which in turn affects the flight time of electrons. ER is affected because the gain of the PMT directly impacts the ER [13].
Considering different properties are related to different parts of the PMT, studies have also been done on the relationship between shielding different parts of the PMT and the performance of the PMT. The relative variation of the performance is given as [image: image], where val represents the values of gain or CE at different angles, and average is the average value of these values across all angles. Figure 3 shows the performances of the PMT in the cases of 1) no shielding, 2) upper shielding: covering only the region above the PMT equator, 3) lower shielding: covering only the region below the PMT equator, 4) full shielding: covering the entire PMT bulb. It can be seen that gain has a strong relationship with the bottom of the PMT, while CE is mainly affected by the distance between the photocathode and the focus with the largest relative variation up to ±15%.
[image: Figure 3]FIGURE 3 | Geomagnetic effect on different parts of the PMT. 1) no shielding, 2) upper shielding: covering only the region above the PMT equator, 3) lower shielding: covering only the region below the PMT equator, 4) full shielding: covering the entire PMT bulb.
3.2 The dynode structure contribution
The PMT itself, especially dynodes, is not a strict symmetrical geometric structure, resulting in an asymmetric electric field. The directions and values of the total electric and Lorentz forces from the same point are different when PMT rotates around its polar axis.
In the rotation test system, photoelectrons are emitted in the same direction when the PMT rotates around its polar axes since the light is fixed relative to the rotation axes. The PMT properties such as gain, CE, ER and TTS vary while the PMT rotates due to the PMT’s structure asymmetry. Table 1 lists the results of obtained PMT properties with and without shielding. It can be known that PMT’s structure asymmetry has a great contribution to the influence of the geomagnetic field on the PMT performance. The maximum and the minimum relative variation of PMT gain are around +14% at ϕ = 315° and −22% at ϕ = 240° respectively. The maximum and the minimum relative variation of CE are around +20% at ϕ = 90°and −15% at ϕ = 315°. Clearly, the asymmetric design of a PMT cannot be ignored when considering its performance in the magnetic effect.
TABLE 1 | The maximum, the average and the minimum relative variation [unit: %] of PMT properties with/without shielding when the PMT rotating around its polar axis.
[image: Table 1]4 THE INSTALLATION POSITION OF THE PMT IN THE GEOMAGNETIC FIELD
4.1 The affection to the PMT characteristics
In the revolution device, the PMT can be rotated in any plane. Three vectors: [image: image], [image: image] and [image: image] are used to represent the directions of these planes, where [image: image] is the direction of the longitudinal plane, [image: image] is the direction of the latitudinal plane, and [image: image] is the direction of the horizontal plane, as shown in Figure 2. The direction of the electric field varies when the PMT rotates around an axis, which leads to the change in the direction and the value of the total electric and Lorentz forces. Properties such as gain, CE, ER and TTS also vary following the variation of the total force. Figure 4 shows the gain variation with PMT rotating around x, y and z-axes, respectively. During the experiment, the PMT rotates 360° within three orthogonal planes, so each 0° represents a chosen starting point within that plane. When one of the three angles changes, the other two remain constant. The largest relative gain variation is about ±5% without shielding and within ±2% with permalloy shielding. By comparing the results in Table 1 and Figure 4, we found that PMT asymmetry has a larger contribution to the geomagnetic effect on the PMT performance than the installation position of the PMT.
[image: Figure 4]FIGURE 4 | Gain variation with the PMT rotating around x, y and z-axes.
4.2 Geomagnetic effect on a sphere surface
The geomagnetic field strength [image: image] can be uniquely represented by a set of vectors in the three-dimensional orthogonal plane. The effect on the PMT has the maximum value with the electron path being perpendicular to the direction of the geomagnetic field. This maximum effect can also be represented by a set of normal orthogonal coordinate vectors. Figure 5 shows the direction of the maximum magnetic effect Mageffect max and its representation by a set of normal orthogonal coordinate vectors.
[image: Figure 5]FIGURE 5 | The maximum magnetic effects represented by a set of normal coordinates.
The effects of the geomagnetic field distributed around the surface of a sphere can be obtained by resolving the maximum effect into different components in different directions around the surface of the sphere. Eq. 1 is an arbitrary vector of the geomagnetic field effect on the PMT in a fixed direction on the surface of the sphere.
[image: image]
From the data of the revolution system, the geomagnetic effect on the PMT around the surface of a sphere can be induced by Eq. 1. By using this method, the distribution of the effect of the unshielded/shielded geomagnetic field on the gain of the PMT across the entire plane is shown in Figure 6. Within the plane perpendicular to the magnetic field, there are maximum positive and maximum negative effects from the geomagnetic field. The largest relative gain variation is about ±6% without shielding shown on the left of Figure 6. After employing permalloy shielding materials, the largest relative gain variation is about ±2% shown on the right of Figure 6.
[image: Figure 6]FIGURE 6 | Geomagnetic field effects on the property of gain of the PMT. The colour bar represent the relative variation [unit: %].
5 SUMMARY
The geomagnetic effects on the performance of PMTs have been studied with two different test systems: rotation test system and revolution test system. It is found that the asymmetry of the PMT structure is a significant factor in the geomagnetic effect on a PMT, and the PMT can be placed in a specific orientation to reduce the effect caused by asymmetrical structure in the geomagnetic field. The effect of the geomagnetic field on the PMTs varies with its installation direction. By using permalloy shielding, the uniformity of the PMT’s performance can be improved when PMT or its dynode is oriented in different directions.
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