POLARIZATION OF HIGH-ENERGY SPIN-1/2 PARTICLES IN MAGNETIC FIELD

A. J. SILENKO Institute of Nuclear Problems, Belarusian State University, 11 Bobruiskaya Street, Minsk 220080, Belarus E-mail: silenko@inp.minsk.by

The investigation of the high-energy spin-1/2 particle interaction with a magnetic field is efficient means for studying properties of particles and verifying the quantum electrodynamics investigation results. To describe the interaction, the Foldy-Wouthuysen (FW) representation could be successfully used. Its use is very convenient in describing the particle polarization, and the methods of the transformation to this representation for particles in a magnetic field are well known^{1,2}. One of the FW features is an even (quasidiagonal) form of relativistic wave equations and all operators. This makes the separation procedure for even parts of the operators unnecessary and allows to confine oneself to a single spinor. In this representation the relations between the operators are similar to the relations between the respective classical values. This simplifies the quasiclassical transition considerably.

In some cases the interaction of spin-1/2 particles with uniform magnetic field can be described exactly^{1−4}. At the rotation of the Dirac particle, not possessing an anomalous magnetic moment (AMM), in an uniform magnetic field, its polarization vector rotates at the same angular velocity, and its projections onto the directions of magnetic field and particle momentum remain constant^5. We can show that the polarization vector projections onto the three axes of the cylindrical coordinate system remain unchanged at the particle motion.

The interaction of particles having AMM with electromagnetic fields is describes by the Dirac-Pauli equation^6. Inspite of the relative AMM smallness (for electrons, positrons, and muons), this moment considerably affects the particle polarization. The FW representation use allows to find the exact equation of the spin motion of the particles, having AMM, in an uniform magnetic field and to describe exactly the motion of particles and the spin rotation relative to momentum^4. The energy levels of particles with AMM are also known exactly^3. If the particle moves in the plane, perpendicular to the field strength H, the equation of the spin motion has the form^4: dΠ dt = 1 2 ([ΩΠ] − [ΠΩ]) , Ω = Ω_D − 2βμ^′H, Ω_D = −β(E_+ − E_−) H H , E_± = √ π^2 + m^2 ± eH, π = p − eA, where Π = βΣ is the three-dimensional polarization operator in the FW representation, β and Σ are the Dirac matrices, p = −i∇ is the momentum operator, Ω and Ω_D are the operators of the angular velocity of spin precession for particles having AMM and Dirac particles.^a The exact equation for the operator of the angular velocity of the particle rotation has the form:

o = Ω_D.

The spin motion of a particle relative its momentum is characterized by the difference in angular velocities, Ω − o. The nonlinear dependence of this value on H would be possible only when the initial equation is more general than the Dirac-Pauli equation.

The energy of the interaction of a particle with a magnetic field is, as a rule, considerably smaller than the total energy, and the motion of relativistic particles can be described quasiclassically. It has been noted in^{7,8} that the direction, the spin projection onto which has a fixed value, is not parallel to the field strength vector at the motion of particles along a helix in a magnetic field. As is shown in the work^9, the direction, the spin projection onto which has a fixed (quantized) value, is not parallel to the magnetic field direction and has a constant orientation with respect to the axes of the cylindrical coordinate system related to the moving particle. This direction lies in the plane of the vectors e_ϕ and e_z and makes the angle θ, defined by the expression:

sin θ =

(γ − 1) sin 2δ √ 2 [γ^2 + 1 − (γ^2 − 1) cos 2δ] , with the z axis. Here γ is the Lorentz factor, δ is the angle formed by the particle momentum vector and the z axis. When γ ≫ 1 θ ≈ π/2 − δ. The difference of θ from zero could be found experimentally.

The interesting effect which could have the practical application arises for the particles moving in the plane perpendicular to an uniform magnetic field in the presence of axially symmetrical transverse magnetic field which is even comparatively weak. We assume that the transverse magnetic field is constant and directed along the e_ϕ vector of the cylindrical coordinate system, the center of which coincides with the center of the circular trajectory of the particle. Though the resulting magnetic field is not uniform, the spin quantization takes place in this case as well. The direction, the spin projection onto which is quantized, lies in the plane of the vectors e_ϕ and e_z and makes the angle θ, defined by the expression^{10}:

tan θ = g |g − 2|γ | | | H_ϕ H_z | | | aThe relativistic system of units h̄ = c = 1 is used.

with the z axis. The effect is extremally strong for electrons, positrons and muons. Since in this case g g − 2 ≈ 2π α ∼ 10^3, then even at H_ϕ ∼ 10^{−3}·H_z parti-

cles are polarized at a significant angle to the z axis and at H_ϕ = 10^{−2}·H_z , γ = 1.2 for electrons θ = 82^∘, i.e. the direction of their polarization is almost orthogonal to the direction of the uniform field. The great value of the effect makes better considerably the possibility of its experimental observation. It can be comparatively easy detected in the investigation of the particle spin rotation. The phenomenon might be of practical significance, as even a comparatively weak transverse magnetic field has an essential influence on the Sokolov-Ternov effect of the radiation polarization of particles in a magnetic field. In this case the partial polarization of the particle beam along the spin quantization direction takes place. This fact could be used for obtaining of electron and positron beams partially polarized at an arbitrary angle to the momentum direction.

The general case of particles in an axially symmetrical non-uniform magnetic field has been investigated.

The investigations show that by the inclusion of the additional axially symmetrical transverse electric field, the conditions could be created when the particles having AMM obtain a fixed helicity, i.e. the spin orientation parallel or antiparallel to momentum. For electrons and positrons this phenomenon could be observed beginning from non-relativistic velocities of particles to the energies of the 10 MeV order.

References

1. K.M. Case, Phys. Rev. 95, 1323 (1954). 2. W.-Y. Tsai, Phys. Rev. D 7, 1945 (1973).

3. I.M. Ternov, V.G. Bagrov and V.Ch. Zhukovsky, Moskow Univ. Phys.

Bull. (Vestn. Mosk. Univ.) 21, 21 (1966). 4. A.J. Silenko, JETP 114, No.2 (1998).

5. A.A. Sokolov et al in Synchrotron Radiation (Nauka, Moskow, 1966), p.72, in Russian.

6. W. Pauli, Rev. Mod. Phys. 13, 203 (1941).

7. Ya.S. Derbenev, A.M. Kondratenko, Zs. Eks. Teor. Fiz. (JETP) 64, 1918 (1973).

8. I.M. Ternov. Introduction to Physics of Spin of Relativistic Particles (Mosk. Univ. Press, Moskow, 1997), in Russian.

9. A.J. Silenko, Phys. At. Nucl. (Yad. Phys.) 61, 60 (1998). 10. A.J. Silenko, JETP 114, No.4 (1998).