Pis’ma v ZhETF, vol. 107, iss. 11, pp. 707 – 708 © 2018 June 10

Measurement of the neutron lifetime with ultra-cold neutrons stored in a magneto-gravitational trap

V. F. Ezhov^{a,b1)}, A. Z. Andreev^a, G. Ban^c, B. A. Bazarov^a, P. Geltenbort^d, A. G. Glushkov^a, V. A. Knyazkov^a, N. A. Kovrizhnykh^e, G. B. Krygin^a, O. Naviliat-Cuncic^{c,f} , V. L. Ryabov^a

aPetersburg Nuclear Physics Institute named by B.P. Konstantinov of National Research Center “Kurchatov Institute”, 188300 Gatchina, Russia

bSaint Petersburg State University, 199034 Saint Petersburg, Russia

cUniversité de Caen Normandie, 14032, Caen, France

dInstitut Laue-Langevin, 38042 Grenoble, France

eD.V. Efremov Scientific Research Institute of Electrophysical Apparatus, 196641 Saint Petersburg, Russia

f National Superconducting Cyclotron Laboratory Michigan State University, 48824 East Lansing, Michigan, USA

Submitted 17 April 2018

DOI: 10.7868/S0370274X18110036

Precision measurements of the neutron lifetime enable stringent tests of the standard electroweak model [1] and provide crucial inputs for Big-Bang nucleosynthesis (BBN) calculations [2]. When combined with measurements of decay correlation coefficients [1], the neutron lifetime enables the determination of the V_{ud} element of the Cabbibo-Kobayashi-Maskawa quark mixing matrix, resulting in a complementary unitarity test to that obtained from superallowed Fermi decays [3]. The neutron lifetime is also one of the key parameters for determining the yields of light elements in BBN since the ratio between the free neutron and proton abundances drives the extent of fusion reactions during the first few minutes of the Universe [2].

The present world average value of the neutron lifetime as quoted by the Particle Data Group (PDG), τ_n = (880.2±1.0) s [4], is dominated by results obtained using ultra-cold neutrons (UCN) in material bottles. These results, and in particular the most precise of them [5–7], appear to be systematically lower than those obtained using a neutron beam [8]. This difference of more than three standard deviations has been the focus of significant interest [9]. Recent discussions about the observed discrepancy, the experimental methods and their systematic effects can be found in Refs. [10, 11]. The importance of the neutron lifetime in particle physics and cosmology calls for alternative high sensitivity techniques, having other potential sources of systematic effects. We report here a new measurement of the neutron lifetime using UCN stored in a magneto-gravitational trap made of permanent magnets.

1)e-mail: Ezhov_VF@pnpi.nrcki.ru

The repulsive force resulting from the interaction between the neutron magnetic moment and a magnetic field gradient can be used for the confinement of neutrons provided their energies are sufficiently low [12]. This has been incorporated for the measurement of the neutron lifetime in various configurations, the most successful having been a sextupole storage ring [13], leading to τ_n = (877 ± 10) s, an Ioffe-Pritchard three dimensional trap leading to a storage time τ_S = (833^{+74}_{−63}) s [14], and an asymmetric Halbach array which recently reported a value of the neutron lifetime with a sub-second uncertainty [6]. We present here a new measurement of the neutron lifetime using permanent magnets in a magneto-gravitational trap. A preliminary result of this experiment has been reported in Ref. [15].

The experimental setup used in the present measurement was operated at one of the beam positions of the PF2 UCN source at the Institut Laue-Langevin (ILL). Technical details about the trap properties and design have been reported elsewhere [16–18].

There are two possible sources of UCN losses in magneto-gravitational traps namely, the losses due to the flip of the neutron magnetic moment relative to the direction of the magnetic field and the losses due to the up-scattering of UCNs by the residual gas in the chamber. Neutrons that got their magnetic moment flipped during storage will reach the magnet walls and be reflected, captured or up-scattered. Those which are reflected on the walls cannot be reflected by the magnetic barrier of the shutter, which is smaller than the barrier of the magnets, and will fall through the bottom aperture towards the detector.

Письма в ЖЭТФ том 107 вып. 11 – 12 2018 707

708 V. F. Ezhov, A. Z. Andreev, G. Ban et al.

The other source of UCN losses is due to upscattering with the residual gas. In order to estimate this effect, the variation of the number of stored neutrons with the pressure, p, inside the trap volume was measured. In the presence of losses due to the residual gas, the number of trapped UCN as a function of time becomes Ṅ_T (t) = N_0e^{−(λ}S^{+λ}p^{p)t}. (1)

For a storage time of 2200 s, it was obtained that λ_p = 0.15(4) (s · Torr)^{−1}. This means that, a relative variation of 10^{−3} on λ_n ≈ λ_S ≈ 1.1 · 10^{−3} s^{−1} corresponds to a pressure level of 10^{−5} Torr. During the experiments, the pressure in the volume of the magnetic trap was of the order of 1.1 · 10^{−6} Torr.

As already mentioned, the surfaces of the magnets were covered with Fomblin grease. In a separate measurement, the partial pressure of Fomblin vapor was investigated with a quadruple mass spectrometer [19]. It was shown that, at the pressure used during the measurements, the partial pressure of Fomblin vapor is at the level of 2 · 10^{−9} Torr and its effect can be neglected at the current level of precision.

In summary, the result from this analysis can be written as

τ_n = (878.3 ± 1.6_{stat} ± 1.0_{sys}) s (2)

It should be recalled that the systematic uncertainty in Eq. (2) has in fact a statistical origin so that the uncertainties are to be added in quadrature. The value is consistent with the current PDG average [4], which includes a scale factor of 1.9, and with other results obtained using stored UCNs but is at variance with the result obtained using a neutron beam [8].

We are indebted to T. Brenner for his assistance during the experiment. We thank F.J. Hartman, A. Mueller, S. Paul, R. Picker, A. Serebrov, and O. Zimmer for their contributions at an earlier stage of this project and E. Kats for useful discussions. This work was supported in part by the Russian Foundation for Basic Research (grant # 07-02-00077-a), by the French Ministry of Foreign Affairs (ECO-NET action 12649SH) and by the Agence Nationale de la Recherche (projet BLANC06-3- 136829 “Onelix”).

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364018110024

1. D. Dubbers and M.G. Schmidt, Rev. Mod. Phys. 83, 1111 (2011).

2. D.N. Schramm and M.S. Turner, Rev. Mod. Phys. 70, 303 (1998).

3. J. C. Hardy and I. S. Towner, Phys. Rev. C 91, 025501 (2015).

4. C. Patrignani et al. (Particle Data Group), Chin. Phys.

C 40, 100001 (2016).

5. A. Serebrov, V. Varlamov, A. Kharitonov, A. Fomina, Yu. Pokotilovski, P. Geltenbort, J. Butterworth, I. Krasnoschekova, M. Lasakova, R. Tal’daeva, A. Vassiljev, and O. Zherebtsova, Phys. Lett. B 605, 72 (2005).

6. R. W. Pattie Jr., N. B. Callahan, C. Cude-Woods et. al.

(Collaboration), arXiv:1707.01817.

7. A. P. Serebrov, E. A. Kolomensky, A. K. Fomin, I. A. Krasnoschekova, A. V. Vassiljev, D. M. Prudnikov, I. V. Shoka, A. V. Chechkin, M. E. Chaikovskiy, V. E. Varlamov, S. N. Ivanov, A. N. Pirozhkov, P. Geltenbort, O. Zimmer, T. Jenke, M. van der Grinten, and M. Tucker, arXiv:1712.05663.

8. A. T. Yue, M. S. Dewey, D. M. Gilliam, G. L. Greene, A. B. Laptev, J. S. Nico, W. M. Snow, and F. E. Wietfeldt, Phys. Rev. Lett. 111, 222501 (2013).

9. G. L. Greene and P. Geltenbort, Sci. Am. 314, 37 (2016).

10. F. E. Wietfeldt and G. L. Greene, Rev. Mod. Phys. 83, 1173 (2011).

11. A. R. Young, S. Clayton, B. W. Filippone, P. Geltenbort, T. M. Ito, C.-Y. Liu, M. Makela, C. L. Morris, B. Plaster, A. Saunders, S. J. Seestrom, and R. B. Vogelaar, J. Phys. G: Nucl. Part. Phys. 41, 114007 (2014).

12. V. V. Vladimirski, Sov. Phys. JETP 12, 740 (1961). 13. W. Paul, F. Anton, L. Paul, S. Paul, and W. Mampe, Z. Phys. C 45, 25 (1989).

14. S. N. Dzhosyuk, A. Copete, J. M. Doyle, L. Yang, K. J. Coakley, R. Golub, E. Korobkina, T. Kreft, S. K. Lamoreaux, A. K. Thompson, G. L. Yang, and P. R. Huffman, J. Res. Natl. Inst. Stand. Technol. 110, 339 (2005).

15. V. F. Ezhov, A. Z. Andreev, G. Ban, B. A. Bazarov, P. Geltenbort, A. G. Glushkov, V. A. Knyazkov, N. A. Kovrizhnykh, G. B. Krygin, O. Naviliat-Cuncic, and V. L. Ryabov, arXiv:1412.7434.

16. V. F. Ezhov, B. A. Bazarov, P. Geltenbort, N. A. Kovrizhnykh, G. B. Krygin, V. L. Ryabov, and A. P. Serebrov, Tech. Phys. Lett. 27, 1055 (2001).

17. V. F. Ezhov, A. Z. Andreev, A. A. Glushkov, A. G. Glushkov, M. N. Groshev, V. A. Knyazkov, G. B. Krygin, V. L. Ryabov, A. P. Serebrov, B. A. Bazarov, P. Geltenbort, F. J. Hartman, S. Paul, R. Picker, O. Zimmer, and N. A. Kovrizhnykh, J. Res. Natl. Inst. Stand. Technol. 110, 345 (2005).

18. V. F. Ezhov, A. Z. Andreev, G. Ban, B. A. Bazarov, P. Geltenbort, F. J. Hartman, A. G. Glushkov, M. G. Groshev, V. A. Knyazkov, N. A. Kovrizhnykh, O. Naviliat-Cuncic, G. B. Krygin, A. Mueller, S. Paul, R. Picker, V. L. Ryabov, A. Serebrov, and O. Zimmer, Nucl. Instrum. Methods in Phys. Res. A. 611, 167 (2009).

19. P. Geltenbort, V. F. Ezhov and V.L. Ryabov, Tech.

Phys. Lett. 35, 700 (2009).

Письма в ЖЭТФ том 107 вып. 11 – 12 2018