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Abstract. Internal kink mode has been considered as an effective factor in disruptions and according to this issue, its stability in IR-T1 tokamak (circular cross-section plasma) has been investigated. Tokamak plasma stabilization against this mode is provided by a suitable profile for the safety factor. By considering a common profile for toroidal current density, corresponding profiles for the safety factor and growth rate of the internal kink instability were obtained for IR-T1 tokamak. The results show the highest stability in the plasma boundary regions for all  values ​​and the highest instability in the central plasma regions for values ​​of  > 3. Also, comparing between these results with the findings of data fitting with one of the main codes in the field of this instability, shows a good agreement for the order of growth rate of instability. 
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1 Introduction
Plasma instability remains a major obstacle to the magnetic confinement fusion approach in a nuclear reactor, especially large-scale magnetohydrodynamic (MHD) modes that can have the most destructive effects on stability. The role of the ideal MHD model is to study the equilibrium and stability properties of different structures for the continuous operation of nuclear fusion energy extraction structures, especially magnetic fusion energy. Even if the magnetic field settings of the structures are in accordance with the ideal MHD theory, perturbation is still possible, so achieving MHD stability is essential. Non-ideal effects such as limited resistance, thermal conductivity and viscosity may lead to instabilities that are weaker than what is allowed by the ideal MHD [1,2]. Anyway, the turbulence caused by MHD instabilities can be in any form, but the resonance will occur for instabilities that have surfaces with definite  and produce certain modes of instability. The numbers  and  are used to indicate the poloidal and the toroidal mode. The stability of the tokamak plasma in these modes is provided by the safety factor  [3, 4].
     Kink modes lead to convexity and concavity in magnetic field lines, resulting in their fracture. This is followed by magnetic islands, which destroy the stability of the magnetic flux lines and cause the plasma to become unstable. Internal kink mode ( = 1, =1) is considered as a direct cause or at least an important component in the dynamics of sawtooth oscillations in tokamak, which causes disruptions and consequently catastrophic loss of plasma control [5, 6]. The growth rate of this mode depends to a large extent on the  profile, so that a very small change in  may destabilize the stable equilibrium. Analytical and numerical calculations related to the growth rate in the ideal and the resistance mode in TCV tokamak [7, 8] have studied these effects. In an NSTX species plasma, internal kink has been investigated in the presence of pure toroidal flow [9]. This mode is also one of the MHD instabilities in common discharge scenarios in ASDEX-U tokamak [10,11]. Studies related to this magnetohydrodynamic mode and its stability have also been performed in Damavand tokamak [12]. In this work, we will study the stability regions for the internal kink mode in IR-T1 tokamak, a small ohmic tokamak with an air core, copper-free shell, and circular cross-section plasma.
2 The Growth Rate of Internal Kink Instability 
The basic variable characterizing stability, , is related to the toroidal current distribution. Radial profile of the safety factor  usually has its minimum value inside or near the magnetic axis and increases outwards. At high aspect ratio and circular cross section plasma, the behavior is simply determined as follows: 
                                                                                                                    (1)
Where , , and  are toroidal field, poloidal field, major radius and plasma current, respectively. For the following current distribution ( is minor radius of plasma and ):
                                                                                                                     (2)
Next, using Maxwell equations, the poloidal magnetic field profile is given as:
       
                                                                                                    (3)
Finally, the radial profile of the safety factor will be obtained from Eq. (1) [13]:
                                                                                                        (4)
We are now looking to calculate the growth rate of internal kink instability. For this purpose, we will consider a very simple zero pressure cylindrical equilibrium with nearly constant current in the  direction. The plasma is contained in the region  and the wall at  is considered perfectly conducting. The region between  and  is the vacuum region. The magnetic field is obtained as follows:
                                                                                                       (5)
Where  is the dominant toroidal field in a tokamak and  is radius of the cylinder. Pushing the plasma a small distance away from its equilibrium state, the momentum equation becomes:
                                                                                  (6)
Where  and  are the plasma displacement (∂ / ∂t = v) and the plasma density. Outside the plasma the vacuum field is perturbed and produces a pressure on that region. In order to matching the magnetic pressure inside and outside of the plasma, a small compressive component must be added to the plasma displacement, the magnitude of which will be determined by matching the pressure at the boundary between the plasma and the vacuum. Also, the absence of any field in the region between plasma and vacuum should be considered. Finally, the momentum equation is as follows:
                                                                                        (7)
where  is considered. When  , we will have an internal kink instability with the following growth rate [14]:
                                                                                                          (8)
Now, by providing characteristic data of IR-T1 tokamak in Table 1, the safety factor profiles and growth rate will be calculated.
Table 1. Characteristic data of IR-T1 tokamak [13]. 
	 IR-T1 Tokamak
	Parameters

	45 cm
	

	 12.5 cm 
	

	 15 cm 
	

	0.75 T 
	

	 m-3
	  

	 32.5 kA
	



3 Simulations and Results
In this section, we present growth rate and safety factor profiles, equations (4) and (8), in Figs. 1 and 2, to evaluate the stability of this mode in the IR-T1 tokamak. This is done entirely through programming in MATLAB software and its tools.
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Figure 1. The safety factor profile by eq. (4) in IR-T1 tokamak.  
In Fig. 1, with  increasing the value of  decreases. Because 1 is the minimum condition for the stability of the internal kink mode, then for  the plasma will be stable against this mode in all regions. For  and  in some areas, especially in the more central areas of the plasma, 1 and the stability, albeit locally, will be lost which can be linked to the sawtooth instability and cause plasma loss. It can be seen that at the plasma boundary (), all values ​​of  tend to the same value () while at the center of the plasma they have different values ​​(from 0.68 to 2.06). Using the safety factor profile obtained in Fig. 1, the desired growth rate for IR-T1 tokamak was calculated through equation (8) and the results are presented in Fig. 2. As can be seen, for  the real part (indicating instability) has no value in all areas and shows no instability. The imaginary part (indicating stability) is almost constant for  and has the highest value but for  and , it is changing so that it has the lowest value in the center and the highest value near the plasma boundary. For ,5 the real part has the highest value in the central areas, which indicates the growth of instability. Reflecting on the results, for all  values, we see the highest mode stability near the IR-T1 plasma boundary. Another point is the instability overlap of values  ​​in a specific part of the central plasma region, which allows instability to occur in that part for both values. Finally, it can be seen that for all values,  and this value has already been confirmed in reference [15]. 
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Figure 2. The growth rate of internal kink instability (Real part of eq. (8)) and Imaginary, or stable, part of eq. (8) for this mode in IR-T1 tokamak for values .
The internal kink mode is a pure toroidal mode, so it will be possible to study the growth rate of this pressure gradients-driven mode by analyzing the poloidal beta profile. This is done using one of the most up-to-date related codes, KINX. One of the obtained relationships for the growth rate of internal kink instability, which is approved and used in a wide range of plasma parameters in different tokamaks, has been obtained by fitting experimental data with KINX analytical code as follows [16]:
                                                                                                 (9)       
                                                                                                         (10)
                                                                                                                            (11)
In these relations, index 1 is used to specify the desired parameter at the level corresponding to . Also , ,  and , respectively, represent the plasma elongation, magnetic shear, inverse aspect ratio and Alfvenic time  (which  is Alfvenic velocity). High values ​​of magnetic shear guarantee stability because they reduce the radial expansion of spiral resonance modes. Negative values ​​of magnetic field, due to instabilities driven by the curvature of the magnetic field, can also cause stability. It also introduces a critical value for the poloidal beta (at which the growth rate becomes zero) at the level corresponding to . It is important to note that in this approach the total plasma current, the surface radius corresponding to , the pressure profile and the parallel current profile relative to the small plasma radius are kept constant in different states [17]. Given that the growth rate of the internal kink instability is non-zero for the values ​​of  and that in the approach leading to the above relations , we focus our calculations in this section to these two values. The values ​​required in the above equations for IR-T1 tokamak are as follows in Table 2 [15]. In first step the magnetic shear profile (equation (11)), using the safety factor profile, is shown in Fig. 3. From this figure,  values can be obtained in IR-T1 tokamak equal to  in the case of and equal to  in the case of .
Table 2. The required values in fitting calculations with KINX code for IR-T1 tokamak.
	IR-T1 tokamak
	Parameters for 

	5- 4 cm
	

	1-1
	

	0.32- 0.417
	

	 0.75- 0.5
	

	 0.98- 0.99
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Figure 3. Magnetic shear profile for values  in IR-T1 tokamak.
By specifying the magnetic shear profile as well as the  values,  can be obtained for this tokamak for , which is shown in Fig. 4. The  values obtained in Fig. 4 are equal to 0.09574 for  and 0.1266 for . The amount of Alfvenic time for this tokamak is: 

Therefore, the  values ​​for  are  and , respectively. The comparison of this approximate value with the maximum growth rate in Fig. 2 is a relative confirmation, at least in terms of the order of the values, on our calculations.
4 Conclusions
The ideal MHD instabilities due to the current or pressure gradient represent the final boundary of the operating limits for most magnetic fusion configurations. These possible instabilities fall into the category of ideal and resistance states. The ideal internal kink instability has been considered as an effective factor in disruptions and therefore in this work the stability of this mode in IR-T1 tokamak has been investigated. In this study, we found that instability associated with internal kink only grew locally for higher  values ​​(4,5) and in the central regions of the plasma. Therefore, this instability can be prevented by adjusting the toroidal current density profile. Also, for all quantities, we saw the most stability for this mode near the plasma boundary. A typical comparison with the results of fitting the data with the KINX simulation code also shows a good agreement in terms of the order of the obtained values.     Finally, the study of time variation of safety factor and consequently the growth rate of internal kink instability, detailed study of poloidal magnetic flux functions and considering nonlinear effects as well as resistance effects on the growth rate of internal kink instability can have different and remarkable results for the performance of tokamak during its discharge compared to the linear results obtained in this study, which will be the subject of future works.
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Figure 4. The growth rate of internal kink instability from fitting of KINX code results in IR-T1 tokamak for values .
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