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The spatial non-uniformity of the response of photomultiplier tubes has been studied in the past [START_REF] Godlove | Photocathode uniformity and resolution of scintillation spectrometers[END_REF][START_REF] Leskovar | Performance studies of photomutipliers having dynodes with GaP(cs) secondary emitting surface[END_REF] and has been identified as one of the factors that can deteriorate the energy resolution in scintillation spectrometry [START_REF] Knoll | Radiation detection and measurement[END_REF][START_REF] Schardt | Resolution of the scintillation spectrometer[END_REF][START_REF] Takhar | Resolution and cathode uniformity in scintillation counters[END_REF]. In Ref. [START_REF] Mottaghian | Photocathode non-uniformity contribution to the energy resolution of scintillators[END_REF], after a direct measurement, the position-dependent quantum efficiency of the photocathode is implemented in a Monte Carlo light transport code to study the energy resolution in scintillation measurements and a decrease of 11% in the energy resolution is observed. In a recent study [START_REF] Todorov | Effects of the photocathode non-uniformity on radon measurements by plastic scintillation spectrometry[END_REF] we have shown that, when analyzing alpha spectra obtained after pulse-shape discrimination (PSD) in measurements with plastic scintillators, the shape of the alpha peaks is distorted if there is a significant non-uniformity of the PMT response.

In general, the majority of the studies of the non-uniformity of the photocathode response are directed towards PMTs with large area photocathodes [START_REF] Kume | 20 inch diameter photomultiplier[END_REF][START_REF] Elorrieta | Homogeneity of the photocathode in the hamamatsu r15458-02 photomultiplier tube[END_REF][START_REF] Gao | Research and development of 20-inch PMT uniformity scanning platform[END_REF] with some indicating a relative difference in photocathode efficiency as much as 40 -50% [START_REF] Paul | Studies concerning the behaviour of photomultiplier with large photocathode[END_REF].

The objective of this work was to develop an experimental system allowing quantification of the non-uniformity of the photocathode response of the PMTs and to study the influence of this non-uniformity on various scintillation measurements like: the analysis of alpha spectra obtained after pulse-shape discrimination and the absolute activity measurements using the free parameter model in liquid scintillation counting [START_REF] Broda | Radionuclide metrology using liquid scintillation counting[END_REF].

Methods and materials

In this paper, the response of the photocathode of two PMTs -Hamamatsu R7600U-200 and Hamamatsu H11934-203 is studied. Both PMTs have a metal channel dynode structure with 10 stages in the R7600U-200 PMT and 12 in the H11934. Both PMTs have identical glass window size but significantly different effective area of the photocathode (see Fig. 1). In order to study the non-uniformity of photocathode response of the Hamamatsu H11934-203 and R7600U-200 PMTs, two experimental systems were built. The first system, shown schematically in Fig. 2, consists of a homemade LED pulser (see Fig. 3), printed gray filters for adjusting the light intensity, a holder for neutral density (ND) filters with certified transmission (Thorlabs NDK01), a fiber collimator followed by a multimode optical fiber with a 200 µm core diameter. The second developed system is shown in Fig. 4. This system is designed for measuring the alpha spectra from the PSF200A plastic scintillator (PS) with

222 Rn absorbed in it. It consists of a 3D printed holder for the PMT and a 4×4 grid which is firmly fixed on top of the PMT window. The distance between the outermost edges of the grid is 26 mm. This ensures that the PS would be positioned within the glass window of the PMT. In order to reduce the photon loss, the PS piece (3 × 3 × 5 mm 3 ) is enveloped in reflective foil (3M Enhanced Specular Reflector) and fixed in a 3D printed plastic holder (5 × 5 mm 2 ). A thin layer of silicon optical grease is applied between the scintillator and the reflective foil. Optical grease is also deposited between the scintillator and the PMT window. The PSF200A scintillator has excellent α/β pulse-shape discrimination capabilities [START_REF] Mitev | Development of a portable scintillation spectrometer with alpha-/beta-and neutron-/gamma-pulse-shape discrimination capabilities[END_REF], which enabled us to study the changes in the alpha spectra of 222 Rn and its decay products when placing the scintillator at different positions of the grid. The radioactive noble gas 222 Rn has useful properties for studying both the PSD capabilities and energy resolution of plastic scintillators. Radon can diffuse in the PS matrix [START_REF] Mitev | Development of a portable scintillation spectrometer with alpha-/beta-and neutron-/gamma-pulse-shape discrimination capabilities[END_REF], where it can undergo alpha decay (E The signal processing is accomplished with the nanoPSD analyzer again.

The pulse-shape discrimination is based on ballistic deficit measurement and digital time-invariant pulse shaping. The PMT signal is passed through slow and fast shapers. Then the pulse-height of each shaped signal is measured using peak detectors. The Time-Invariant Pulse-shape Signature (TIPS) is defined as the ratio of the maximum of the slow shaper and the maximum of the fast shaper [START_REF] Jordanov | Pile-up real time pulse-shape discrimination based on ballistic deficit measurement and digital time-invariant pulse shaping[END_REF]. Four spectra are obtained simultaneously: one PSD (TIPS) spectrum, and three pulse-height spectra: the raw pulse-height spectrum (α+β) and the separated alpha and beta spectra. An example of the real-time acquisition spectra is given in Fig. 5. More details regarding the implementation of the method for pulse-shape discrimination can be found in [START_REF] Jordanov | Pile-up real time pulse-shape discrimination based on ballistic deficit measurement and digital time-invariant pulse shaping[END_REF]. 

Results

Fine-step scanning of the photocathode

In this part of the study of the photocathode response, both H11934 and R7600U PMTs were scanned using the system shown in Fig. 2. Each PMT had a dedicated 3D printed holder which secured the PMT during the scans.

A close-up photo of the PMT window and the frame of reference used for the scans are shown in Fig. 6. From here on, the focusing electrodes of the PMTs, visible through the glass window, would be referred as 'strips'. 

Scans of Hamamatsu H11934-203 PMT

Figure 7 shows the scans along the strips of the H11934 PMT. The high voltage applied to the H11934 PMT during the scans is set to +1000 V. The slow and fast thresholds of the nanoPSD are both set to avoid noise pulses and printed grey filters were used to decrease the intensity of the LED light. The variation in the centroid position of the LED pulser peak is about 15% in the effective area of the photocathode (23×23 mm 2 ) but can be much greater in some scans. For example, for Y=8 mm, the relative difference between the maximum and minimum value is 33%. The clear peak visible in the central region along the strips of the PMT is due to a central wire in the middle of the PMT perpendicular to the strips (see Fig. 6 top left). It should be noted, however, that in another study [START_REF] Simeonov | Influence of the photomultiplier tube spatial uniformity on lidar signals[END_REF] the area around the central wire of Hamamatsu H5783-06

PMT was found to decrease the photocathode response. This suggests that the photocathode response is also modulated by factors other than the multiplication structure of the PMT.

Scans of Hamamatsu R7600U-200 PMT

Figure 9 shows the scans with the R7600U PMT along the strips. For these 115 scans, the high voltage supply is set to +850 V. The variation between the maximum and minimum of the peak position is up to 17% in the effective area of the photocathode (18 × mm 2 ). There are some noticeable peaks outside the effective area in the scans at Y=13.8 and 15.2 mm which could be caused by the metal attachments in the center of the first 120 dynode (see Fig. 6, top right).

Scans across the strips of the R7600U PMT are presented in Figure 10.

Similarly to the H11934 PMT, those scans reveal the internal structure of the PMT quite well and the response varies between two peaks (or two valleys). There is a small peak at about 24 mm present in all scans and at X = 11, 125 15.2, 20.0 and 22.0 mm and a drop appears at 11 mm. However, by viewing the PMT window it is difficult to unambiguously identify the cause of these changes.

Linearity of the light intensity response of the studied PMTs

To study the linearity of the light intensity response we made measurements with optical filters with certified transmission (Thorlabs Neutral Density filters) which are placed after the printed grey filters (see Fig. 2). Figure 11 shows the LED spectra obtained after attenuating the light with ND filters with different optical transmission. With the high voltage set to the maximum rating for this PMT, a nonlinearity in the response of the PMT is observed. This could be attributed to saturation of the PMT divider response. Therefore, the output current ceases to be proportional to the intensity of the incident light. The effect is known and discussed in [START_REF]Photomultiplier tubes -basics and applications[END_REF].

Linearity study of the H11934-203 PMT

When the supply voltage is decreased to +750 V, which leads to lower anode current, the response of the PMT becomes linear (Fig 13). A significant spread of the experimental points is observed for measurements 145 at random positions on the effective area of the photocathode (Fig 14). The contribution of the photocathode non-uniformity results in big dispersion between measurements even with the same optical filter (compare Fig. 14 to Fig. 13).

Moreover, the deviation would be more pronounced if measurements outside the effective area of the PMT are also included (not shown here). 

Linearity study of the R7600U-200 PMT

Figure 15 presents the results from the linearity study of the R7600U PMT.

Similarly to the H11934 PMT, non-linearity in the response can be observed when measuring with high voltage allowing single-photon sensitivity. However, the non-uniformity of the photocathode response again introduces significant spread of the experimental points. This is shown in Fig. 17 where 160 measurements on random points at the photocathode result in notable spread of the response for each filter. 

Influence of the non-uniformity of the photocathode response on alphaspectra

The PSF200A plastic scintillator with 222 Rn absorbed in it was used for the purpose of this investigation. Two separate exposures to air with high (∼100 MBq/m3) 222 Rn concentration of the same PS piece were made for the measurements with the H11934 and R7600U PMTs. The settings of the nanoPSD are set to automatic thresholds and the software range of the alpha-spectrum was set to 512 channels. The frame of reference used for the measurements with the PS is the one shown in Fig. 4 left. The focusing electrodes are parallel to the Y axis. In Fig. 4 left, the number of the columns/rows of the grid is indicated on the X/Y axis and this notation is used in the figures below.

The alpha-spectrum of 222 Rn and its decay products is obtained after pulseshape discrimination. The nanoPSD analyzer provides four spectra: TIPS spectrum, the raw alpha and beta spectrum and the separated alpha and beta spectra. The spectra for a PS in the center of the PMT show good separation of the pulses of alpha and beta particles (Fig. 5). This enables us to investigate the TIPS and alpha spectra and follow the changes in them when placing the PS in different points on the photocathode of the PMT.

Hamamatsu H11934-203 PMT

Figures 18 and 19 present the TIPS and the alpha spectra measured with the H11934 PMT. The high voltage supply was set to +750V. The spectra are acquired by consequently placing and measuring the PS in the openings of the grid (Fig. 4). The acquisition time is adjusted according to the counting statistics.

Figure 18 shows the TIPS spectra obtained at different positions on the PMT photocathode. In order to evaluate the effect of the non-uniformity on the pulse-shape discrimination we use a figure of merit (FOM) defined as the difference between the maxima of two peaks divided by the sum of the FWHM of the peaks. The FOM is estimated by an algorithm available in the nanoPSD software.

From Fig. 18 it can be seen that the FOM in the center of the grid is higher compared to the outer spectra. This indicates that, indeed, the non-uniformity of the photocathode response has an influence on the pulse-shape discrimination.

Although the FOM parameter is not affected by the non-uniformity as much as the energy resolution, it definitely repeats the variation observed in the energy resolution (see Fig. 19).

In Fig. 19 it can be noted that in the center of the photocathode, the energy resolution is good enough and allows separation of the maxima of the α-peaks of 222 Rn and 218 Po. This is not the case for the outer positions and especially in the corners where the quantum efficiency of the photocathode is low. There is also a notable difference between the spectra in the first and last columns with the former having higher energy resolution. Possible explanation for that is the higher quantum efficiency (high centroid position) in the part of the PMT where Y > 15 mm (see Fig. 8). The influence of the non-uniformity on the shape of α-peaks was studied in [START_REF] Todorov | Effects of the photocathode non-uniformity on radon measurements by plastic scintillation spectrometry[END_REF] by measuring PS pieces of different sizes. PMT but the high voltage supply is set to +720 V.

Hamamatsu R7600U-200 PMT

Figure 20 shows the TIPS spectra obtained at different positions on the PMT. It can be seen that compared to the H11934 PMT there is a greater variance in the FOM value between the spectra. Furthermore, in the corners of the PMT window, the PSD is so degraded that the FOM cannot be estimated. This is explained by the much smaller effective area of the R7600U-200 PMT.

Similarly to the measurements with the H11934 PMT, the maxima of 222 Rn and 218 Po peaks are separated only in the center of the PMT (Fig. 21). Moreover, the peak of 214 Po alpha particles is also not separated in the outer spectra.

This could be explained by the fact that except in the four central positions, for all other positions the PS piece is outside the effective area of the PMT.

It should be noted here that the effects observed when the 222 Rn-loaded PS was placed at the outer positions of the grid are due not only to the PMT nonuniformity, but also to the fact that a part of the PS faces the inactive part of the PMT (see Fig. 4). The results demonstrate that such situations are highly undesirable and special care to cover the inactive parts of the PMT must be taken when constructing the optical chamber of the counters.

4. Discussion on the effect of PMT spatial non-homogeneity on measurement methods using the free parameter model

The free parameter model is used in radionuclide metrology for the direct calibration of the activity of radionuclides [START_REF] Broda | Radionuclide metrology using liquid scintillation counting[END_REF]. In this model, the Poisson distribution of the number of photons emitted by the scintillation light pulse is traditionally used to calculate the detection efficiency from the non-detection efficiency, i.e., the probability that no photoelectron is detected. In case of a spatial non-uniformity of the PMT response, the mean value of the Poisson distribution, describing the intrinsic light yield of the detection process, is no more a constant value but becomes a random variable with a distribution affected by the fluctuations of the detection process, which leads to a compound Poisson distribution. The non-detection efficiency calculation is similar to the one using a Poisson distribution, but its uncertainty is larger, due to the variability of the random variable describing the mean value of the compound Poisson distribution. This effect leads to an increased uncertainty on the detection efficiency, especially when measuring low-energy radionuclides or when the detection efficiency is reduced.

The non-uniformity of the photocathode response is a possible explanation for the problems observed in the Triple to Double Coincidence Ratio (TDCR) measurements when reducing the detection efficiency [START_REF] Arenillas | Implementation of the TDCR liquid scintillation method at CNEA-LMR, argentina[END_REF].

A possible solution to the non-uniformity of the PMT response would be to mask the most effective area of the PMTs which, in turn, equalizes the quantum efficiency of the photocathode. This idea has previously been explored in [START_REF] Dean | A diffusive light collection system for hard x-ray astronomical scintillation detectors[END_REF][START_REF] Veloso | Large-window gas proportional scintillation counter with photosensor compensation[END_REF][START_REF] Mead | Improvement of resolution in large area photomultipliers[END_REF], but has a major drawback, which is the decrease of the photon detection probability. According to our experience, the best approach to minimize the non-uniformity is to mask carefully the ineffective area of the PMTs.

In addition, for TDCR measurements it is important to include the PMT nonhomogeneity in the calculation model in order to account for the larger detection uncertainty.

Conclusions

In this work we have developed an experimental system to study the effects of the non-uniformity of the PMT response on the scintillation counting measurements. This effect has been described and quantified for scintillation detectors using Hamamatsu R7600U-200 and H11934-203 PMTs.

We identified a degradation of the counting efficiency and the energy resolution both in the effective area and at the periphery of the PMTs. The relatively large ineffective area of the R7600U-200 PMT causes significant problems in scintillation counting as it acts as a photon sink. The H11934 PMT has a smaller ineffective area but it also has to be masked with reflective foil in order to reduce the variance in scintillation counting experiments.

It has been shown that the non-uniformity of the PMT response has an adverse effect on the energy resolution of scintillation spectrometry and the pulse-shape discrimination. The effects of the non-uniformity of the PMT response regarding the radionuclide activity measurements using the free param-eter model are discussed.
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Figure 1 :

 1 Figure 1: Size of the outer casing, the photocathode and the effective area of the R7600U-200 (left) [13] and H11934-200 (right) [14] PMT

Figure 2 :Figure 3 :

 23 Figure 2: Experimental setup for studying the non-uniformity of the PMTs photocathode response.

Figure 4 :

 4 Figure 4: Left: the grid fixed on the holder of the H11934 PMT; Center: the plastic scintillator piece inserted in a holder covered with reflective foil; Right: the PS holder slides through each hole in the grid ensuring that the PS touches the PMT window.

Figure 5 :

 5 Figure 5: The nanoPSD program interface showing all four spectra. Top left: the PSD spectrum; top right: the raw pulse-height spectrum; bottom: the separated beta (left) and alpha (right) spectra.
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 7 Figure 7: Peak centroid position vs position along the strips of the H11934 PMT.

Figure 8

 8 Figure8shows the scans with the LED across the strips of H11934 PMT.
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 8 Figure 8: Peak centroid position vs position across the strips of the H11934 PMT.
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 9 Figure 9: Peak centroid position vs position along the strips of the R7600U PMT.

  [START_REF] Broda | Radionuclide metrology using liquid scintillation counting[END_REF] [START_REF]photomultiplier tube datasheet[END_REF] 14 15 16 17 18 19 20 21 22 23 24 25 26 28 29 30 Distance from the edge of the PMT casing, X = 11.0 mm X = 15.2 mm X = 20.0 mm X = 22.0 mm
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 10 Figure 10: Peak centroid position vs position across the strips of the R7600U PMT.

4 Figure 11 :

 411 Figure 11: Peak position in the spectra after different attenuation of the LED light with ND filters. The optical transmission of the filters is 0.8 and 0.4.

Figure 12 presentsFigure 12 :

 1212 Figure 12 presents measurements with 7 different filters at one position on the effective area of the H11934 PMT with the supply voltage set to +1000 V.

Figure 13 :

 13 Figure 13: Peak centroid position vs. light intensity for the H11934 PMT at +750 V. The spectrum range is 512 channels.

Figure 14 :

 14 Figure 14: Peak centroid position vs. light intensity for the H11934 PMT at +1000 V. Points corresponding to the same optical transmission are measured on ten different random positions in the effective area of the photocathode. The spectrum range is 4096 channels.
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 15 Figure 15: Peak centroid position vs. light intensity for the R7600U PMT at +850 V. The spectrum range is 4096 channels.
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 16 Figure 16: Peak centroid position vs. light intensity for the R7600U PMT at +720 V. The spectrum range is 512 channels.

Figure 17 :

 17 Figure 17: Peak centroid position vs. light intensity for the R7600U PMT at +850 V. Points corresponding to the same optical transmission are measured on ten different random positions in the effective area of the photocathode. The spectrum range is 4096 channels.

Figures 20 and 21

 21 Figures 20 and 21 show the TIPS and the alpha spectra obtained with the Hamamatsu R7600U PMT. The grid position is the same as for the H11934

Figure 18 :

 18 Figure 18: TIPS spectra of 222 Rn absorbed in PSF200A obtained at different positions on the photocathode of H11934-203 PMT. The estimated FOM of each spectrum is given in the legend.

Figure 19 :

 19 Figure 19: Pulse-height alpha spectra corresponding to the measurements shown in Fig. 18.