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[bookmark: _Toc216035383]Abstract
	During the practice problem of neutron-magnetic vortex interaction was under consideration. Evolution of room-temperature neutrons in external field with special topological property – the swinging axis existence, have been numerically calculated for two cases for longitudinal polarized neutron beam – toy-model of magnitude-constant swinging magnetic field and a skyrmion vortex. In both cases the primary component of neutron beam stayed untwisted, but the second one became a twisted one with  as magnetic field was. It has been found, that solution became unstable in such system, if initial particle was far from swinging axis.
[bookmark: _Toc216035384]Introduction
	One of the most topical field of interest of modern physics is study different topological features of any system. These features can be observed both in linear and nonlinear systems. In linear system such topological features refer to superposition of more simple states. In strongly interacting nonlinear system topological structures refer to deep inner symmetries, which can get a classification of some systems and bound with existence of “simple” solutions, which demonstrates clearly defined evolution (topologically protected). Such solutions are called soliton solutions, and can be observed in lots of nonlinear systems. For example, for magnetic systems such solutions are called skyrmions and hophions and were observed experimentally [1-11].
	Twisted or vortex states of free particles are simple examples of linear topological structure. These states are Bessel-like like states with well-defined energy, direction of propagation, momentum and angular momentum projections on the propagation direction. Topological property referred to these states is connected with a topological charge – ratio of the phase difference during swinging in transverse plane around propagation direction axis and 2π. In any cases of interaction of such states with non-topological target or in case of decay of such state sum of topological charges of products is equal to initial topological charge. Such state can be great instrument for creation, manipulation and investigation different topological structures in complex nonlinear systems.


[bookmark: _Toc216035385]Toy-model
	Nonrelativistic neutron in the external magnetic field can be described as spinor function , which satisfies Schrodinger equation:
							(1)
	According to the model magnetic field has a constant magnitude and a helical structure around z-axis.
								(2)
It is characterized by two parameters. The first one is a magnitude value and the second one is an angle between magnetic field line and z-axis. Magnetic lines of such type of field are introduced in Figure 1а. This field is a field of magnetic with a vortex placed in a homogeneous external magnetic field. Another type of magnetic structure of our interest is union of parallel magnetic rods with homogeneous magnetization over any rod, but direction of magnetization of different rods is rotated to form a vortex on a macroscopic scale.
	Such type of magnetic field differs in principle from field of helimagnetic – another twisted magnetic structure. Figure 2a shows magnetic lines of (2) and figure 2b shows magnetic lines for helimagnetic with the same parameters. Helimagnetic field can be described as a field of layered structure and the external field, orthogonal to layers. Magnetization of any layer is homogeneous, but direction of magnetization of the layer differs from its neighbor one by small angle. In that case all points of one layer are equal, so there could no state with a defined axes be formed.
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Figure 1. Magnetic field, which is combination of homogeneous external one along z-axis and a) vortex magnetic structure, b) helimagnetic.
	Let us rescale energy of a  value, length of a reduced wave length for an energy value  in free particle case, wave vector of an inverse of the reduced wave length, time of a reduced period of oscillation of the free particle with the energy value :
					(3)
So, equation (1) for the magnetic field of type (2) become more convenient form:
													(1’)
where new parameter  have been used.
[bookmark: _Toc216035386]Analytical solution for toy-model
	We will try to solve equation (1’) in the following form:
						(4)
	So, equations (1’) for a set of radial functions are the following:
	(5)
	The system is getting unengaged for a case of non-vortex structure of the magnetic field (), as it should be, for a pair of Bessel-type equations for up and down spinor components. So, in that case if there is no any vortex structure in the initial state, it won’t appear further.
	Radial function can be described as a set of polynomials:
								(6)
Constants  is a solution of the following recurrent equation, and  can be recalculated using .



	Solution of this recurrent equation can be unengaged into odd and even sets, and order of the recursion can be downgraded to the 2-nd order, but cannot be expressed in special functions the author or Wolfram Mathematica can introduce.
	The problem of generation of vortex state from non-vortex initial one is a little bit simple. In that case for homogeneous in transverse plane neutron beam with a longitudinal polarization all functions  for any . So, any equation from (5) led to  for  and for a pair of equation for the rest functions and polynomial decomposition constants:
		(5’)



	This set of equations have the same problem as a previous one. There are several features of the solution of equations (5’). The first one is that  does not exist, so non-trivial radial structure will be formed even if the initial state of up component is homogeneous. The second feature is that down component will be in pure vortex state, because only .
[bookmark: _Toc216035387]Numerical solution of Schrodinger equation
	Equation (1’) has been solved numerically in COMSOL Multiphysics program for vortex magnetic structure. Module Coefficient form PDE has been used. Geometry of the wave function evolution is a cylinder with a radius is equal to 1 and length is equal to 6. Zero-flux boundary condition have been used for the lateral cylinder surface. A homogeneous in transverse plane with gaussian longitudinal structure pulse with longitudinal polarization has been formed on the left base of the cylinder (up spinor component was a gaussian-type and down one was zero). Figure 2 shows distributions of magnetic field and both magnitudes and arguments of two spinor components for the magnetic field corresponding to  and . For room-temperature neutrons with energy is in order of  magnetic field magnitude .
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Figure 2. a) magnetic field lines, b) distributions both magnitude and argument of up spinor component (right pair) and down one (left pair), c) from the right to the left: distributions of the angular momentum density of the up comp. (scale x1), down comp. (scale x3), spin density (scale x5) and probability current density, d) probability current density separately for up (left) and down (right) components.
	Figure 2b shows that phase for the initial up component is homogeneous in the transverse plane, but for the down one phase changes in the transverse plane according to one swing. The magnitude of the down component is equal to zero on z-axis, which is another one feature of the vortex state. The magnitudes of both components have value of one order. It clearly depends on . Spin density distribution has helical structure. Probability current density has the same structure, too, but it is difficult to notice it, because longitudinal phase gradient is much stronger than transverse one.
	The following problem was investigated for the sustainability assessment. Initial state was considered a gaussian not only in longitudinal, but in transverse plane, too. The incident point of such beam was set far from the magnetic axis. So, the incident beam was on the boarder of the structure and “do not cross” the magnetic axes. Distributions of magnitudes and phases are shown in Figure 3.
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Figure 3. a) distributions both magnitude and argument of up spinor comp. (right pair) and down one (left pair) near the incidence moment, б) the same distributions in further moment. 
	These distributions shows, that beam is captured by the magnetic axis and starts to swing around as a union without forming special vortex structure. There is a phase shift near the incidence point for down component, but this structure decomposes into several lonely waves very fast. So, for generation stable vortex structure the incoming beam should span a magnetic axis.
	Case of strong magnetic field was considered with  and . In this case very difficult and contrast radial structure has been formed. It requires very detailed mesh and a lot of computing resources. Figure 4 shows distributions for coarse mesh. But even these results get an imagination of existence of vortex structure, its difficult radial structure and stability. 
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Figure 4. a) distributions both magnitude and argument of up spinor comp. (right pair) and down one (center pair), real and imagine parts of down component (left pair) for a strong magnetic field is about 80 mT.
	Another one candidate for the magnetic, which can generate vortex state of neutron, is a skyrmionics lattice. The problem of incidence of transverse homogeneous and gaussian longitudinally state on along long skyrmions. Magnetization field in several sections is introduced on Figure 5a. Vortex radius is about 0.5 and length about 10. Figure 5b shows results of calculation for  and .
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Figure 5. а) magnetization of skyrmion structure, b) distributions both magnitude and argument of up spinor comp. (right pair) and down one (left pair).
	Vortex state for down spinor component is forming.
[bookmark: _Toc216035388]Conclusion
	During the practice, the main focus was on elicitation of possibility to convert room-temperature neutrons in twisted neutrons using the magnetic vortex. The simple toy-model of magnitude-constant magnetic field was under analytical and numerical consideration. This model had two parameters – value of neutron-magnetic field interaction energy  and angle between Oz axis and magnetic field line. Space-energy scaling of model have been used. The main feature of model was the existence of vortex-state component of longitudinally polarized neutron in the magnetic field with sensibly magnitude from tenths to tens of mT.
	The problem of sustainability of the vortex beam was revealed, when the incoming particle is far from the magnetic axis. So, it is more preferably to use the structured materials with several parallel magnetic axes except system with along axis. A lot of questions of beam evolution on the boarder of such structure, spatially in incoming and outgoing regions, need to be explored carefully in the further investigation.
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