Pis’ma v ZhETF, vol. 76, iss. 3, pp. 162 { 165 cfl 2002 August 10

On depolarization of ultracold neutrons in traps

Yu. N. Pokotilovski^{1)}

Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia

Submitted 14 February 2002 Resubmitted 24 June 2002

Mechanisms of depolarization of ultracold neutrons in traps are considered when they re‚ect from the trap’s wall. One is due to neutron spin-‚ip elastic or quasielastic incoherent scattering on protons of surface hydrogen contaminations. According to the second one signi˛cant depolarization may take place because of sudden change of neutron trajectory at re‚ection from the wall when neutron move even at large adiabaticity parameters in nonuniform magnetic ˛eld.

PACS: 14.20.Dh, 25.40.Dn, 61.12.Ha

1. Investigation of angular correlation coefficients in the neutron beta decay is important for determining the fundamental coupling constants of weak interactions [1]. It is important to improve the accuracy of these measurements with the aim to search for new physics beyond the Standard Model with increased sensitivity [2]. One of serious difficulties in increasing precision of these measurements is reliable determination with high accuracy the polarization of decaying neutrons.

Significant progress was proposed [3] to be reached due to application of polarized ultracold neutrons (UCN) [4] stored in closed volumes or flowing through decay region. Neutrons transmitted through high enough magnetic potential barrier must have perfect 100% polarization in the direction opposite to magnetic field. First experimental data on neutron depolarization in traps were published in [5]. It was found that surprisingly large depolarization (∼ 10�^5 per UCN collision with the wall) was observed for all tested surface materials, and it was shown in special experiment that this value of depolarization practically did not depend on the UCN loss coefficient, the latter being changed by additional depositing water layer on the cooled surface. It was stated also that depolarization due to large gradient of magnetic field was impossible, which was confirmed by numerical evaluations.

The objection of this paper is to consider possible mechanisms of depolarization UCN in traps not having in mind exact quantitative interpretation of existing experimental data.

2. The obvious and trivial reason of UCN depolarization in traps is neutron spin-flip scattering on hydrogen. The most perspective materials for UCN chambers: Be, C, glass, fluoropolymers do not contain nuclei with

1)e-mail: pokot@nf.jinr.ru

significant spin-flip cross section. UCN upscattering on hydrogen contaminations of the trap surface is the usual and the main reason of abnormally large losses UCN from the traps [4]. Extrapolated to thermal point UCN upscattering cross section on bound proton of room temperature sample is σ_{ups} ≃ (4 − 7)b · 2200/v (m/s) [6], depending on chemical bond of hydrogen atom (v – is UCN velocity). Elastic (or quasielastic in the case of diffusing protons or/and presence of hyperfine splitting of hydrogen atom) spin-flip scattering cross section σ_{el} ≃^2_3 · 80b. Therefore the ratio of spin-flip to UCN-hydrogen upscattering loss probabilities is ∼ (1.5 − 3) · 10�^2. In the trap with hydrogen upscattering UCN loss probability ∼ 4 · 10�^5 (rather good figure) spin-flip probability is ∼ 10�^6, which is not quite satisfactory for neutron decay correlation coefficient.

Energy splitting of magnetic sub-levels in paramagnetic atoms is usually much larger than UCN energy. Therefore after spin-flip paramagnetic scattering neutrons must leave storage chamber. Anyway cross section of paramagnetic scattering is of the order 1 b, probability of spin-flip at reflection from the wall being ∼ 10�^7 even in the case when all atoms of the wall are paramagnetic. It is hardly possible for typical wall’s materials.

3. Effect of magnetic field inhomogeneities on spin relaxation of neutral particles with magnetic moment was considered in [7, 8]. It was assumed in these works that the applied magnetic field is a superposition of a weak spatially varying field upon a much stronger homogeneous field, and the problem was solved with application of perturbation method. According to [3] it is not the case when UCN are polarized by transmission through magnetic potential barrier and then are stored in experimental chamber. Fluctuations of magnetic field for slow neutron moving in the chamber are not random and small in this case, but adiabaticity parameter –

162 Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 3 { 4 2002 the ratio of Larmor frequency to frequency of rotation of magnetic field in the neutron reference frame – may be large enough, so that spin relaxation probability for freely moving neutron must be exponentially small. It will be shown here that nevertheless depolarization may be significant because time derivative of magnetic field is discontinuous as long as the wall collision takes place in a time small compared to period of Larmor precession.

Let the neutral particle with magnetic moment (in particular ultracold neutron) moves in nonuniform magnetic field inside the trap, reflecting from the trap walls. We place the neutron reference frame in the reflection point so that x-axis is along magnetic field line.

With constant H_x ≠ 0, H_y = 0, H_z = tḢ, Ḣ > 0 and following the paper by V. V. Vladimirsky [9] we have equation for spin wave function:

iψ̇ + ωσ_xψ + atσ_z ψ = 0 (1)

where ω = μH_x/~, a = μḢ/~, μ is magnetic moment of neutron.

Equations for each of the spinor components look as follows:

ϕ̈ + (ω^2 − ia + a^2t^2) = 0, χ̈ + (ω^2 + ia + a^2t^2)χ = 0. (2) Substituting ϕ = e�^{z/2}u, χ = e�^{z/2}v, z = −iat^2, and introducing α = ω^2/4ia transforms (2) to confluent hypergeometric equations

zu^{00} + ( 1 2 − z)u^0 − αu = 0, zv^{00} + ( 1 2 − z)v^0 − (α + 1 2 )v = 0. (3)

Solutions of these equations are ϕ(t) = e^{iat2/2} [ c_1F (α, 1/2, −iat^2) + + c_2iωtF (α + 1/2, 3/2, −iat^2) ] , (4) and χ(t) = e^{iat2/2} [ c_1iωtF (α + 1, 3/2, −iat^2) + + c_2F (α + 1/2, 1/2, −iat^2) ] , (5)

where F (α, γ, z) are Kummer functions.

Asymptotics at t → ±∞ are ϕ(t) = √ πe�πω^2/8a^{[ c1}_{Γ(1/2 − α) +} + iω 2 √ ia c_2 Γ(1 − α) tjtj ] (at^2)�^αe^{iat2/2} (6) and χ(t) = √ πe�πω^2/8a^{[ iω}_{2√−ia}^{c1}_{Γ(1 + α)}^t_{|t| +} + c_2 Γ(1/2 + α) ] (at^2)^αe�^{iat2/2}. (7)

If z-component of magnetic field changes according H_z = −tḢ, Ḣ > 0, equations and solutions for spin components interchange.

At reflection from the surface at t = 0 particle suddenly changes its trajectory and then follows along the with different value of gradient of z-component of magnetic field. The condition for this transition being “sudden” is fulfilled if reflection time is much smaller than any characteristic time parameter of the problem: t_{refl} ≪ T_{Larmor}. It will be shown below that typical value for ultracold neutrons t_{refl} ≈ 10�^9 s, which is sufficient for any practical case.

Now we match the solutions with different values of a at t = 0 corresponding to different trajectories of particle in magnetic field before and after reflection from the wall. When the signs of dH_z/dt are the same matching means ϕ(α)_{t=0} = ϕ(α^0 )_{t=0}, when the signs are different we use ϕ(α)_{t=0} = χ(α^0 )_{t=0}. We put χ(−∞) = 0, |ϕ(−∞)|^2 = 1 (initially particle is polarized opposite to z-axis) and obtain expressions for |ϕ(+∞)|^2:

|ϕ(+∞)|^2 = π^2e�^{πω} 2 4 ( 1_a + 1 a0 ) × × | | 1 Γ(1/2 + α)Γ(1/2 − α^0 ) − − ω^2 4 √ aa^0 1 Γ(1 + α)Γ(1 − α^0 ) | |^2 (8)

for the cases when the signs of change of H_z(t) component of magnetic field are the same before and after particle reflection from the wall, and

|ϕ(+∞)|^2 = π^2e�^{πω} 2 4 ( 1_a + 1 a0 ) × × | | 1 Γ(1/2 + α)Γ(1/2 + α^0 ) − − iω^2 4 √ aa^0 1 Γ(1 + α)Γ(1 + α^0 ) | | |^2 (9)

when these signs are different e.g. particle returns after reflection from the wall to region of magnetic field of the same sign of H_z. α^0 in these expressions corresponds to particle motion after reflection.

When in Eq. (8) α = α^0 we get |ϕ(+∞)|^2 = e�^{πω2/a}, which corresponds to result of [9] for probability of spin reverse when particle moves freely without change its

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 3 { 4 2002 2^�

164 Yu. N. Pokotilovski

trajectory. For ultracold neutrons adiabaticity parameter |α| ≫ 1, |ϕ(+∞)|^2 → 0 (exponentially small) practically in all cases – neutron spin follows the direction of magnetic field. Calculation according to formulas (8) and (9) show that it is not the case when particle reflects from the wall. Probability of spin reverse in respect to magnetic field increases drastically. Fig.1 shows results of computation of this probability for different cases of

Fig.1. Probability of UCN spin reverse at re‚ection from the trap’s wall as a function of adiabaticity parameter β = jα^0 j after re‚ection (before re‚ection

β = jαj = 10): 1 { signs of time dependence of Hz(t)

are the same before and after re‚ection, 2 { these signs are opposite

reflection as a function of |α^0 |.

In practice it is difficult to calculate probability according to Eqn. (8) and (9) for |α| ≫ 1. Using asymptotic formulas for Gamma-function it is possible for these cases to obtain for Eq. (8) |ϕ(+∞)|^2 ≃ 9 4 (ξ − ξ^0 )^2, (10)

and for Eq. (9)

|ϕ(+∞)|^2 ≃ 1 − 11 · (ξ^2 + ξ^{0 2}) − 18ξξ^0 (11)

where ξ = 1/24|α|, ξ^0 = 1/24|α^0 |.

Fig.2 shows the results of calculations according these formulas in terms of probability of spin reverse as a function of gradient of H_z. Neutron velocity along z-axis was taken 300 cm/s, H_x = 5 Oe.

4. Interaction time of particle reflecting from potential wall may be calculated in the spirit of Baz’ [10, 11] idea introducing fictitious infinitesimal magnetic field in the interaction region and calculating the rotation angle of magnetic moment of particle in result of interaction. Reflection time in our case is determined as a ratio of rotation angle to Larmor frequency of precession of magnetic moment in this magnetic field. Let incident wave polarized in x-direction reflects from half-

Fig.2. Probability of UCN spin reverse at re‚ection from the trap’s wall as a function of dHz/dz after re- ‚ection: before re‚ection dHz/dz = 0.1 Oe/cm, 1 { signs of time dependence of Hz(t) are the same before and after re‚ection, 2 { these signs are opposite; before re‚ection dHz/dz = 1 Oe/cm, 3 { signs of time dependence of Hz(t) are the same before and after re- ‚ection, 4 { these signs are opposite; in both cases vz = 300 cm/s, Hx = 5 Oe

space z ≥ 0, in which magnetic field is directed along z-axis. Schrödinger equation is:

(Δ + u_0 − 2m ~^2 μHσ_z)ψ = k^2ψ, (12)

where u_0 = ~^2U_0/2m, U_0 is the height of potential wall, k is incident wave vector, H is the value of magnetic field in half-space z ≥ 0.

The incident wave is

ψ_0 = 1 √ 2 ( 1 1 ) e^{i(}ˇæ^{+kz z)}. (13)

Reflected wave is ψ = e^{iφ0} [( 1 1 ) + iΔφσ_z ( 1 1 )] e^{i(}ˇæ�^{kz z)}. (14)

It follows[10] that

Δφ = dφ du_0 ( 2m ~^2 μH ) (15)

and as it is easy to show that dφ du_0 = k_z u_0K

, (16)

where K = √ u_0 − k^2_z , we have from ω = 2μH/~ and ωmk_z/~u_0K = ωΔt reflection time

Δt = ~ U_0 k_z K ∼ ~ U_0

, (17)

which at U_0 ∼ 10�^7 eV gives Δt ∼ 10�^9 s.

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 3 { 4 2002

1. B. G. Erozolimsky, Nucl. Instr. Meth. A440, 491 (2000). 2. H. Abele, Nucl. Instr. Meth. A440, 499 (2000). 3. A. P. Serebrov et al., Preprint LNPI-1391, 1988, Gatchina, 1988; Preprint PNPI-1835, 1992, Gatchina, 1992; T. Bowles et al., A letter of intent for an accurate measurement of the neutron spin-electron angular coe‹- cient in polarized neutron beta-decay with UCN, LANL, Los Alamos, USA, 1997; S. J. Seestrom, in Proc. Intern. Seminar on Interaction of Neutrons with Nuclei ISINN- 6, Dubna, 13{16 May, 1998, p. 89.

4. A. Steyerl, in: Springer Tracts in Modern Physics, 80, Berlin, Heidelberg, New York: Springer 1977, p. 57; R. Golub and J. M. Pendlebury, Rep. Progr. Phys. 42, 439 (1979); Ć. Ł. Ĺčŋăšőćĺů, Ťĺğĺłă şńĳšřăţőńőďŋżţ ŋěľšřőŋőć, Ň.: Ŋăşłă, 1986; The Physics of Ultracold Neutrons, Oxford, Clarendon, 1990; R. Golub,

D. J. Richardson, and S. Lamoreaux, Ultracold Neutrons, Bristol, Adam Hilger, 1991.

5. A. Serebrov, A. Vasiliev, M. Lasakov et al., Nucl.

Instr. Meth. A440, 717 (2000); A. P. Serebrov, J. Butterworth, V. E. Varlamov et al., Preprint PNPI-2438, 2001, Gatchina, 2001.

6. K. Knopf and W. Waschkowski, J. Neutr. Res. 5, 147 (1997).

7. D. Kleppner, H. M. Goldenberg, and N. F. Ramsey, Phys. Rev. 126, 603 (1962).

8. L. D. Shearer and G. K. Walters, Phys. Rev. 139, A1398 (1965).

9. V. V. Vladimirsky, ZhETF 39, 1062 (1960). 10. A. I. Baz’, ZhETF 47, 1874 (1964). 11. V. F. Rybachenko, Jad. Fiz. 5, 685 (1967).

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 3 { 4 2002