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Abstract. 
Particle-induced X-ray emission is used for determining the elemental composition of materials. This method uses low-energy protons (of several MeV), which can be obtained from high-energy (of tens MeV) accelerators. Instead of manufacturing an accelerator for generating the MeV protons, the use of a PET cyclotron has been suggested for designing the beamline for multipurpose applications, especially for the PIXE experiment, which has a dedicated high-energy (of tens MeV) accelerator. The beam properties of the cyclotron were determined at this experimental facility by using an external beamline before transferring the ion beam to the experimental chamber. We measured the beam profile and calculated the emittance using the pepper-pot method. The beam profile was measured as the beam current using a wire scanner, and the emittance was measured as the beam distribution at the beam dump using a radiochromic film. We analyzed the measurement results and are planning to use the results obtained in the simulations of external beamline and aligned beamline components. We will consider energy degradation after computing the beamline simulation. The experimental study focused on measuring the emittance from the cyclotron, and the results of this study are presented in this paper.



1. Introduction
Particle-induced X-ray emission is a nondestructive technique used for determining the elemental composition of materials or samples. This method has been applied in many different fields using low-energy protons (1–5 MeV); protons with this energy can be generated at MeV accelerator facilities [1]. PET cyclotrons (of 13 MeV) have been proposed for providing a beam of protons with energy of several MeV for designing the beamline for multipurpose applications. To extend their applicability, the cyclotrons can be utilized for analytical techniques that use MeV ion beams with energy attenuation. The PIXE beamline consists of one dipole magnet, one quadrupole doublet, and one quadrupole triplet. These magnets are used for focusing the beam to the PIXE chamber with linear dimension of about 1 mm. The beam size should be adjusted from 1 to 10 mm and the beam current of 50 nA should be obtained at the PIXE beamline target chamber.
The PIXE beamline from the cyclotron is projected to the target point in a target chamber in the experimental room. The emittance of a PET cyclotron has not been measured at the latter part of cyclotron target. The beam profile has already been measured and the beam size and the divergence were shown to be linearly related [2]. However, to extract the external beamline, we measured the beam profile and the emittance by using a diagnostic device employing a more precise measurement method. For the external beamline, the beam profile and the emittance were measured and calculated, and the results will be simulated and aligned with the beamline components. To measure properties of the cyclotron beam, we have to consider the external beamline for the PIXE experiment. This experimental paper focused on measuring the emittance of protons from the PET cyclotron. The experiment was performed at the CRC (Cyclotron Research Center) installed in Chosun University, South Korea.
Measuring the beam emittance at a PET cyclotron beamline is of fundamental importance. The traditional method for measuring the beam profile as a function of the strength of a focusing element is not applicable, and only the slit and pepper-pot techniques can be used [3]. Two commonly used emittance measurement methods are the method of slits and the pepper-pot method. The former employs a one-dimensional emittance measurement device and the latter employs a two-dimensional one [4]. In our experiments, a pepper-pot plate was installed at the cyclotron target. The wire scanner measured the beam current of the beam profile at the cyclotron target. The beam profile at the cyclotron target was measured by using the NI Labview software and equipment for controlling the motor and data acquisition for the beam current. The radiochromic film at the beam dump was also calculated by using Matlab for calculating the rms emittance.
2. Materials and Methods
A beam of particles can be characterized in detail by using its density in the six-dimensional phase space [5]. Beam emittance is one of the beam properties for particle accelerators. Several methods have been developed for measuring the beam emittance, such as the slit [6], pepper-pot [7, 8], and quad scan methods [9]. We used the pepper-pot method for the direct measurement of three-dimensional beam emittance. The beam profile of the initial beam at the target was acquired using the wire scanner [10], and the results are shown in Figure 1. In the case of the pepper-pot method, we analyzed the radiochromic film by using Matlab.
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(b)
Figure 1: Beam profile at the cyclotron target part. (a) -axis view and (b) -axis view.


The method of slits employs a one-dimensional emittance measurement device, while the pepper-pot method employs a two-dimensional one [11]. The setup for the measurement based on the pepper-pot method is shown in Figure 2. The experimental setup consisted of a 2 mm thick pepper-pot plate comprised of carbon that was located at the cyclotron target. The thickness of the pepper-pot plate was set to 2 mm considering the stopping depth of 13 MeV protons. The wire scanner was installed behind the pepper-pot plate. The wire scanner allowed measuring the beam profile of the beam that was incident on the scanner. In film measurements, the distance between the pepper-pot plate and the radiochromic film (GAFCHROMIC film, HD-810 for high density) was 209.5 mm.




	
	
		
			
			
			
		
		
		
		
			
				
					
					
					
					
					
					
					
					
					
					
					
				
				
				
			
		
		
			
			
			
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Experimental setup for emittance measurement.  is the distance between the pepper-pot plate and the beam dump with the radiochromic film.


The incident beam arrived from the cyclotron and penetrated through the pepper-pot plate. The pepper-pot plate coordinate was designated as , while that of the beam profile was designated by . The beam size at the pepper-pot plate was determined considering the dimensions of the slit appearance, the thickness of the pepper-pot plate, and the distance between the pepper-pot plate and the radiochromic film. The beam distribution was fitted using Gaussian functions for all profile peaks.
In the film experiment, the measurement was performed by mounting the radiochromic film on the beam dump. The hole diameters in the pepper-pot plate were 1 mm, and the distance between adjacent holes was 2 mm. The pepper-pot plate was 2 mm thick and had 25 holes. Beam irradiation time was 5 seconds and the beam current at the target was 0.13 μA. Longer irradiation times could result in film damage, thereby destroying the image. Film measurement was performed with short irradiation time for reducing the film image error. The film analysis was performed using Matlab.
3. Results and Discussion
The film intensity data were encoded as double precision numbers. In turn, these data were converted to the RGB format, with brightness ranging from 0 to 1. The film image resolution was 600 dots per inch (DPI) and the image size was 1392 × 1392 pixels. The size of one pixel was 42.33 μm. The contour map was created using the film data in the RGB format and is shown in Figure 3.




	
	
		
			
				
			
			
				
		
		
			
				
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 3: Film contour map, obtained using Matlab.


The film data were divided into rows () and columns (). The sum of all values in a certain row represents the emittance along the  axis, and the sum of all values in a certain column represents the emittance along the  axis. All rows and columns exhibited five peaks that were fitted with Gaussian functions in Matlab. Three parameters—the intensity, peak position, and peak sigma—were computed from these Gaussian fits of the film data. The emittance was calculated as [12]
The rms emittance was calculated from the Gaussian fits in Matlab, for both - and -directions. The rms emittance values were 40.401  for the -direction and 47.431  for the -direction. We also computed the beam twiss parameters from the calculated values of rms emittance. These values determine the shape and orientation of the beam ellipse in the phase space [13]. The phase space ellipses are shown in Figure 4. The red dots delimit the maximal area in the phase space [14], while the black dots enclosed in the red dots are the film data. These results will be used to estimate the beamline simulations.
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(b)
Figure 4: Phase space ellipse. (a) -coordinate and (b) -coordinate.


4. Conclusions
The CRC has been proposed to be used for producing an external beamline for experimental research. To use the existing facility for producing PET cyclotron protons as an external beamline, the beam energy should be reduced to several MeV. There is no correlation between beam emittance and energy degradation at the end of beamline. To generate an external beamline, experiments were conducted using the specific data of beam emittance at the latter part of cyclotron target by a more precise measurement method. The beam size was measured with the wire scanner. The rms emittance was calculated from the Gaussian fits parameters and phase space ellipse. The beam emittance was measured for providing conditioning parameters for design and simulations of beamline components of the external beamline for obtaining the desired beam shape.
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