Pis’ma v ZhETF, vol. 101, iss. 10, pp. 755 – 760 © 2015 May 25

Comparative results on the deflection of positively and negatively charged particles by multiple volume reflections in a multi-strip silicon deflector

W. Scandale^{a,b,e}, G. Arduini^a, M. Butcher^a, F. Cerutti^a, M. Garattini^a, S. Gilardoni^a, A. Lechner^a, R. Losito^a, A. Masi^a, A. Mereghetti^a, E. Metral^a, D. Mirarchi^{a,j} , S. Montesano^a, S. Redaelli^a, R. Rossi^{a,e}, P. Schoofs^a, G. Smirnov^a, E. Bagli^c, L. Bandiera^c, S. Baricordi^c, P. Dalpiaz^c, G. Germogli^c, V. Guidi^c, A. Mazzolari^c, D. Vincenzi^c, G. Claps^d, S. Dabagov^{d,k,l}, D. Hampai^d, F. Murtas^d, G. Cavoto^e, F. Iacoangeli^e, L. Ludovici^e, R. Santacesaria^e, P. Valente^e, F. Galluccio^f , A. G. Afonin^g , Yu. A. Chesnokov^{g1)}, A. A. Durum^g , V. A. Maisheev^g, Yu. E. Sandomirskiy^g, A. A. Yanovich^g, A. D. Kovalenko^h, A. M. Taratin^h, Yu. A. Gavrikov^i, Yu. M. Ivanov^i, L. P. Lapina^i, W. Ferguson^j, J. Fulcher^j , G. Hall^j , M. Pesaresi^j, M. Raymond^j , D. Bolognini^{m,n}, S. Hasan^{m,n}, M. Prest^{m,n}, E. Vallazza^o

aCERN, European Organization for Nuclear Research, CH-1211 Geneva 23, Switzerland

bLaboratoire de l’Accelerateur Lineaire (LAL), Universite Paris Sud Orsay, 91898 Orsay France

cINFN Sezione di Ferrara, Dipartimento di Fisica, Universita‘ di Ferrara, 44122 Ferrara, Italy

dINFN LNF, 40 00044 Frascati (Roma), Italy

eINFN Sezione di Roma, 00185 Rome, Italy

f INFN Sezione di Napoli, 80126 Napoli, Italy

g Institute for High Energy Physics in National Research Centre “Kurchatov Institute”, 142284 Protvino, Russia

hJoint Institute for Nuclear Research, 141980, Dubna, Russia

iPetersburg Nuclear Physics Institute in Natioanl Research Centre “Kurchatov Institute”, 188300 Gatchina, Russia

j Imperial College, London, United Kingdom

kLebedev Physical Institute of the RAS, 119991 Moscow, Russia

lNational Research Nuclear University “MEPhI”, 119991 Moscow, Russia

mUniversita‘ dell’Insubria, 22100 Como, Italy

nINFN Sezione di Milano Bicocca, 20126 Milano, Italy

oINFN Sezione di Trieste, 34127 Trieste, Italy

Submitted 17 April 2015

Bent silicon crystals in channeling mode are already used for beam extraction and collimation in particle accelerators. Volume reflection of beam particles is more efficient than beam channeling; however the mean deflection angle is rather small. An experiment on the deflection of a 400 GeV/c proton beam and a 150 GeV/c π^− beam at CERN using a multi-strip silicon deflector in reflection mode is described. The mean deflection angle of beam particles has been considerably increased due to sequential volume reflections realized in the deflector. This gives possibility for a successful usage of the multi-strip deflectors for beam collimation in high energy accelerators.

DOI: 10.7868/S0370274X15100057

Bent crystals have found applications in the beam extraction and beam collimation systems of large circular proton accelerators owing to high electric fields produced by the crystals [1–3]. These crystals were used mainly in the planar channeling mode. A new physi-

1)e-mail: Yury.Chesnokov@ihep.ru

cal phenomenon, namely the reflection of a high-energy proton beam from the atomic planes of a bent silicon crystal, was recently observed and work started on the use of this phenomenon at accelerators [4–7]. Volume reflection is caused by an interaction between the incident proton and the potential of the bent crystal lattice and

Письма в ЖЭТФ том 101 вып. 9 – 10 2015 755 7^∗ occurs in a short length interval in a region tangential to the bent atomic plane.

The probability of a single reflection is high, approaching 98 % for 400 GeV/c protons [6]. Because of the short characteristic length of the volume reflection process it is very efficient both for positive and for negative particles while channeling is considerably less efficient for negative particles in comparison with positive ones [8, 9]. Efficient channeling in very short crystals of μm length scale has been shown recently for 0.8 and 6 GeV electrons [10, 11]. The use of axially-aligned crystals can be considered as a promising option for channeling of negative particles [12, 13]. In this work we show that volume reflection in a sequence of crystals can effectively deflect both positive and negative multi-GeV particles through angles of about 0.1 mrad. This value of the deflection angle is sufficient for important accelerator applications [2, 3].

Analytical theory [7] predicts that, under the same conditions, the deflection angle for negative particles due to volume reflection is ∼ 1.8 times smaller than that for positive particles. However, allowing for the ∼ (1/E)^{1/2} energy dependence of the reflection angle, in our case for (111) silicon crystals with a bending radius of 7 m, the theory yields similar values for protons and negative pions (Fig. 1). More specifically, the the-

Fig. 1. The theoretical distributions of deflection angles due to volume reflection in a 2 mm silicon crystal bent along the (111) planes with a radius of 7 m for 400 GeV/c protons (1) and 150 GeV/c negative pions (2)

oretical values for mean reflection angle and RMS have been determined to be 11.2 and 5.0 μrad, respectively, for 400 GeV/c protons, and 14.3 and 11.7 μrad, respectively, for 150 GeV/c negative pions.

Accelerator physics problems like extraction and collimation require the reflection angle to be several times larger. In order to increase the reflection angle a few variants of multi-crystal devices have been tested in proton beams [14–18]. The design of an eight-strip crystal device used for this study is shown in Fig. 2. Details

Fig. 2. A picture of the multi-strip crystal deflector and scheme of its installation in the goniometer

are described in [18]. The crystals were bent using the anisotropic properties of the crystal lattice. A transverse bend of 0.28 mrad appears when each strip is bent in the longitudinal direction by the metallic holder. Furthermore, since all strips are manufactured from one silicon wafer, good mutual alignment of individual strips holds in both the horizontal and vertical planes. The major faces of the crystal plate were parallel (111) crystalline planes, and the entry face was normal to the ⟨110⟩ crystalline axis. The separate crystal strips are 2 mm in width along the beam, 40 mm in length and 0.9 mm in thickness across the beam.

The experimental setup was as described in [19]. Four microstrip silicon detectors, two upstream and two downstream of the crystal, were used to measure the particle trajectories with an angular resolution of 3 μrad, which is limited by multiple scattering of the particles in the detectors and air. The angular divergence in the horizontal and vertical planes of the incident beam was about 10 μrad. A high precision goniometer allowed orientation of the multi-strip deflector both in the horizontal and vertical plane with an accuracy of 2 rad. The scheme of crystal installation in the goniometer is shown in Fig. 2.

Письма в ЖЭТФ том 101 вып. 9 – 10 2015

In the first stage of the study, a scan of the horizontal orientation angles of the crystal deflector ϕ_x was performed. A two-dimensional color plot in Fig. 3 shows

Fig. 3. The intensity distribution of a 400 GeV/c proton beam (a) and 150 GeV/c negative pion beam (b) passed through the eight-strip silicon deflector as a function of the particle deflection angle θx for different goniometer positions ϕx

the intensity distribution of the beam passed through the crystal as a function of the particle deflection angle θ_x and angular position of the goniometer ϕ_x. Fig. 3a corresponds to 400 GeV/c protons, and Fig. 3b corresponds to 150 GeV/c negative pions.

The mean deflection angle equals zero at the beginning (left) and at the end (right) of the scan due to scattering of particles in the crystal deflector as in an amorphous substance. The particle deflection maxima visible at θ_x > 0 near the central region of the scan occurs due to channeling. Two separate maxima of the beam intensity are explained by misalignment of crystals in the sequence. Further in the angular region, deflections with θx < 0 occur due to multiple volume reflections of particles traversing the full sequence of strips.

Figs. 4a and b show the distribution of protons and negative pions in the horizontal deflection angle θ_x for

Fig. 4. The distributions of horizontal deflection angles θx in the conditions of sequential volume reflections in the multi-strip deflector marked by the arrows in Fig. 3: (a) – for protons, (b) – for negative pions

a fixed goniometer position indicated in Figs. 3a and b by the vertical arrows where multiple volume reflection (MVR) of particles occurs. The efficiency of one side MVR deflection (θ_x < 0) is about 94 % for positive particles and about 71 % for negative particles.

The mean reflection angle is 68 μrad and RMS deviation is 16.5 μrad for protons. The mean reflection

Письма в ЖЭТФ том 101 вып. 9 – 10 2015 angle is 78 μrad and the RMS deviation is 38.4 μrad for negative pions. The analytical theory predicts, in the case of a sequence of 8 crystals, a mean angle of 11.2 μrad × 8 = 89 μrad and an RMS = 14.2 μrad for protons, and a mean angle 14.3 μrad × 8 = 114 μrad and an RMS = 33 μrad for negative pions. The measured reflection angles are about 80 % of the theoretical values assuming volume reflection on eight strips. This can be explained by the misalignment of two strips for which volume reflection is not realized for the deflector orientation considered.

An additional way of increasing the reflection angle or RMS was achieved at the next stage of the work. In [20] it was explained theoretically that multiple volume reflections of particles in one bent crystal (MVR OC) can be realized due to the contributions of skew crystalline planes at crystal orientations near the crystallographic axis. This possibility was convincingly confirmed experimentally in an extracted beam [13, 17, 21] and verified in a circulating beam [22]. As noted above, in our case the entrance face of the multi-crystal used was cut normal to the ⟨110⟩ axis. After installation of the crystal in the position of planar reflection (in the position indicated by an arrow in Figs. 3a and b) the horizontal angle ϕ_x of the goniometer was fixed, and then scanning started about the vertical angle ϕ_y (see Fig. 2) in the region close to the crystalline axis.

The results of the scan are shown in Fig. 5 for both protons and negative pions. Fig. 6 shows the distributions of horizontal deflection angles θ_x for the case when the multi-strip deflector orientation corresponds to ϕ_y = 0 marked by the arrows in Fig. 5: (a) – for protons, (b) – for negative pions. In this case, the beam axis and the ⟨110⟩ crystallographic axis are in the same plane. Particles undergo multiple potential scattering (doughnut scattering) by the ⟨110⟩ atomic strings in a few first strips. This gives them some vertical momentum, which is sufficient to realize the MVR OC effect for these particles in a few subsequent strips. The distributions displayed in Fig. 6 show a substantial increase in mean deflection angle, which becomes 102 μrad with an RMS of 79 μrad for protons, and 64 μrad with an RMS of 106 μrad for negative pions. In these conditions, the efficiency of one side deflection (θ_x < 0) is about 88 % for protons and about 70 % for negative pions. As a whole, the multi-strip deflector with orientation near the crystallographic axis allowed to increase the angular beam size considerably in comparison with scattering in an amorphous position, which is very important for accelerator beam collimation.

In summary, the experimental results obtained show the possibility of the application of multiple volume re-

Fig. 5. The intensity distribution of a 400 GeV/ c proton beam (a) and 150 GeV/c negative pion beam (b) passed through the eight-strip silicon deflector as a function of the particle deflection angle θx for different goniometer positions ϕy

flections of particles in multi-strip crystal devices for beam collimation in high energy accelerators. This possibility is especially important for beams of negatively charged particles because of their low channeling efficiency. In the present study, the deflection angles of negative particles due to volume reflection were considerably increased in comparison with usage of one bent crystal in our previous experiments [8, 13].

We wish to acknowledge the strong support of the CERN EN-STI and BE-AOP groups. We also acknowledge the partial support by the Russian Foundation for Basic Research Grants # 05-02-17622 and 06-02-16912, the RF President Foundation Grant # SS-3383.2010.2, the “LHC Program of Presidium

Письма в ЖЭТФ том 101 вып. 9 – 10 2015

Comparative results on the deflection of positively and negatively charged. . . 759

Fig. 6. The distributions of horizontal deflection angles θx for the case when the multi-strip deflector orientation corresponds to ϕy = 0 marked by the arrows in Fig. 5: (a) – for protons, (b) – for negative pions

of Russian Academy of Sciences”, and the Grant # RFBR-CERN 12-02-91532. G.C., F.I., and R.S. acknowledge the support from MIUR (grant FIRB RBFR085M0L_001/I11J10000090001). S.D. acknowledges the support by the Ministry of Education and Science of RF in the frames of Competitiveness Growth Program of NRNU MEPhI, Agreement 02.A03.21.0005. Work supported by the EuCARD program GA 227579, within the “Collimators and Materials for high power beams” work package (Colmat-WP). The Imperial College group gratefully acknowledges support from the UK Science and Technology Facilities Council.

1. A. G. Afonin, V. T. Baranov, V. M. Biryukov, M. B. H. Breese, V. N. Chepegin, Yu. A. Chesnokov, V. Guidi, Yu. M. Ivanov, V. I. Kotov, G. Martinelli, W. Scandale, M. Stefancich, V. I. Terekhov, D. Trbojevic, E. F. Troyanov, and D. Vincenzi, Phys. Rev. Lett. 87, 094802 (2001).

2. W. Scandale, G. Arduini, R. Assmann, C. Bracco, S. Gilardoni, V. Ippolito, E. Laface, R. Losito, A. Masi, E. Metral, V. Previtali, S. Redaelli, M. Silari, L. Tlustos, E. Bagli, S. Baricordi, P. Dalpiaz, V. Guidi, A. Mazzolari, D. Vincenzi, G. Della Mea, A. Lombardi, D. De Salvador, E. Vallazza, D. Bolognini, S. Hasan, D. Lietti, V. Mascagna, A. Mattera, M. Prest, G. Cavoto, L. Ludovici, D. Mirarchi, R. Santacesaria, P. Valente, F. Murtas, A. G. Afonin, Yu. A. Chesnokov, V. A. Maisheev, I. A. Yazynin, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Yu. A. Gavrikov, Yu. M. Ivanov, L. P. Lapina, L. G. Malyarenko, V. V. Skorobogatov, V. M. Suvorov, S. A. Vavilov, N. Mokhov, D. Still, G. Robert-Demolaize, T. Markiewicz, andM. Oriunno, Phys. Lett. B 692, 78 (2010).

3. V. Shiltsev, G. Annala, A. Drozhdin, T. Johnson, A. Legan, N. Mokhov, R. Reilly, D. Still, R. Tesarek, J. Zagel, S. Peggs, R. Assmann, V. Previtali, W. Scandale, Y. Chesnokov, I. Yazynin, V. Guidi, andY. Ivanov, FERMILAB-CONF-10-127-APC, May 2010.

4. A. M. Taratin and S. A. Vorobiev, Phys. Lett. A 119, 425 (1987).

5. Y. M. Ivanov, A. A. Petrunin, V. V. Skorobogatov, Yu. A. Gavrikov, A. V. Gelamkov, L. P. Lapina, A. I. Schetkovsky, S. A. Vavilov, V. I. Baranov, Yu. A. Chesnokov, A. G. Afonin, V. T. Baranov, V. N. Chepegin, V. Guidi, W. Scandale, and A. Vomiero, Phys. Rev. Lett. 97, 144801 (2006).

6. W. Scandale, D. A. Still, A. Carnera, G. Della Mea, D. De Salvador, R. Milan, A. Vomiero, S. Baricordi, P. Dalpiaz, M. Fiorini V. Guidi, G. Martinelli, A. Mazzolari, E. Milan, G. Ambrosi, P. Azzarello, R. Battiston, B. Bertucci, W. J. Burger, M. Ionica, P. Zuccon, G. Cavoto, R. Santacesaria, P. Valente, E. Vallazza, A. G. Afonin, V. T. Baranov, Yu. A. Chesnokov, V. I. Kotov, V. A. Maisheev, I. A. Yaznin, S. V. Afanasev, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Yu. A. Gavrikov, Yu. M. Ivanov, V. G. Ivochkin, S. V. Kosyanenko, A. A. Petrunin, V. V. Skorobogatov, V. M. Suvorov, D. Bolognini, L. Foggetta, S. Hasan, and M. Prest, Phys. Rev. Lett. 98, 154801 (2007).

7. V. A. Maisheev, Phys. Rev. ST AB 10, 084701 (2007). 8. W. Scandale, A. Vomiero, E. Bagli, S. Baricordi, P. Dalpiaz, M. Fiorini, V. Guidi, A. Mazzolari, D. Vincenzi, R. Milan, G. Della Mea, E. Vallazza, A. G. Afonin, Yu. A. Chesnokov, V. A. Maisheev, I. A. Yazynin, V. M. Golovatyuk, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Yu. A. Gavrikov, Yu. M. Ivanov, L. P. Lapina, L. G. Malyarenko, V. V. Skorobogatov, V. M. Suvorov, S. A. Vavilov, D. Bolognini, S. Hasan, A. Mattera, M. Prest, and S. Shiraishi, Phys. Lett. B 681(3), 233 (2009).

Письма в ЖЭТФ том 101 вып. 9 – 10 2015

760 W. Scandale, G. Arduini, M. Butcher et al.

9. W. Scandale, R. Losito, E. Bagli, L. Bandiera, P. Dalpiaz, M. Fiorini, V. Guidi, A. Mazzolari, D. Vincenzi, G. Della Mea, E. Vallazza, A. G. Afonin, Yu. A. Chesnokov, V. A. Maisheev, I. A. Yazynin, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Yu. A. Gavrikov, Yu. M. Ivanov, L. P. Lapina, V. V. Skorobogatov, D. Bolognini, S. Hasan, and M. Prest, Phys. Lett. B 719(13), 70 (2013).

10. A. Mazzolari, E. Bagli, L. Bandiera, V. Guidi, H. Backe, W. Lauth, V. Tikhomirov, A. Berra, D. Lietti, M. Prest, E. Vallazza, and D. De Salvador, Phys. Rev. Lett. 112, 135503 (2014).

11. U. Wienands, T. W. Markiewicz, J. Nelson, R. J. Noble, J. L. Turner, U. I. Uggerhøj, T. N. Wistisen, E. Bagli, L. Bandiera, G. Germogli V. Guidi, A. Mazzolari, R. Holtzapple, and M. Miller, Phys. Rev. Lett. 114, 074801 (2015).

12. W. Scandale, A. Vomiero, E. Bagli, S. Baricordi, P. Dalpiaz, M. Fiorini, V. Guidi, A. Mazzolari, D. Vincenzi, R. Milan, G. Della Mea, E. Vallazza, A. G. Afonin, Yu. A. Chesnokov, V. A. Maisheev, I. A. Yazynin, V. M. Golovatyuk, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Yu. A. Gavrikov, Yu. M. Ivanov, L. P. Lapina, L. G. Malyarenko, V. V. Skorobogatov, V. M. Suvorov, S. A. Vavilov, D. Bolognini, S. Hasan, and M. Prest, Phys. Lett. B 693, 545 (2010).

13. W. Scandale, A. Vomiero, E. Bagli, S. Baricordi, P. Dalpiaz, M. Fiorini, V. Guidi, A. Mazzolari, D. Vincenzi, R. Milan, G. Della Mea, E. Vallazza, A. G. Afonin, Yu. A. Chesnokov, V. A. Maisheev, I. A. Yazynin, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Yu. A. Gavrikov, Yu. M. Ivanov, L. P. Lapina, L. G. Malyarenko, V. V. Skorobogatov, V. M. Suvorov, S. A. Vavilov, D. Bolognini, S. Hasan, A. Mattera, M. Prest, and V. V. Tikhomirov, Europhys. Lett. 93, 56002 (2011).

14. W. Scandale, A. Carnera, G. Della Mea, D. De Salvador, R. Milan, A. Vomiero, S. Baricordi, P. Dalpiaz, M. Fiorini, V. Guidi, G. Martinelli, A. Mazzolari, E. Milan, G. Ambrosi, P. Azzarello, R. Battiston, B. Bertucci, W. J. Burger, M. Ionica, P. Zuccon, G. Cavoto, R. Santacesaria, P. Valente, E. Vallazza, A. G. Afonin, V. T. Baranov, Y A. Chesnokov, V. I. Kotov, V. A. Maisheev, I. A. Yazynin, S. V. Afanasev, A. D. Kovalenko, A. M. Taratin, A. S Denisov, Y. A. Gavrikov, Y. M. Ivanov, V. G. Ivochkin, S. V. Kosyanenko, L. P. Lapina, A. A. Petrunin, V. V. Skorobogatov, V. M. Suvorov, D. Bolognini, L. Foggetta, S. Hasan, and M. Prest, Phys. Lett. B 658, 109 (2008).

15. W. Scandale, A. Vomiero, S. Baricordi, P. Dalpiaz, M. Fiorini, V. Guidi, A. Mazzolari, G. Della Mea, R. Milan, G. Ambrosi, P. Zuccon, B. Bertucci, W. Burger, M. Duranti, G. Cavoto, R. Santacesaria, P. Valente, C. Luci, F. Iacoangeli, E. Vallazza, A. G. Afonin, Yu. A. Chesnokov, V. I. Kotov, V. A. Maisheev, I. A. Yazynin, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Y. A. Gavrikov, Yu. M. Ivanov,

L. P. Lapina, L. G. Malyarenko, V. V. Skorogobogatov, V. M. Suvorov, S. A. Vavilov, D. Bolognini, S. Hasan, A. Mozzanica, and M. Prest, Phys. Rev. Lett. 102, 084801 (2009).

16. W. Scandale, A. Vomiero, E. Bagli, S. Baricordi, P. Dalpiaz, M. Fiorini, V. Guidi, A. Mazzolari, D. Vincenzi, R. Milan, G. Della Mea, E. Vallazza, A. G. Afonin, Yu. A. Chesnokov, V. A. Maisheev, I. A. Yazynin, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Yu. A. Gavrikov, Yu. M. Ivanov, L. P. Lapina, L. G. Malyarenko, V. V. Skorobogatov, V. M. Suvorov, S. A. Vavilov, D. Bolognini, S. Hasan, and M. Prest, Phys. Lett. B 688, 284 (2010).

17. W. Scandale, G. Arduini, M. Butcher, F. Cerutti, S. Gilardoni, L. Lari, A. Lechner, R. Losito, A. Masi, A. Mereghetti, E. Metral, D. Mirarchi, S. Montesano, S. Redaelli, P. Schoofs, G. Smirnov, E. Bagli, L. Bandiera, S. Baricordi, P. Dalpiaz, V. Guidi, A. Mazzolari, D. Vincenzi, G. Claps, S. Dabagov, D. Hampai, F. Murtas, G. Cavoto, M. Garattini, F. Iacoangeli, L. Ludovici, R. Santacesaria, P. Valente, F. Galluccio, A. G. Afonin, Yu. A. Chesnokov, V. A. Maisheev, Yu. E. Sandomirskiy, A. A. Yanovich, I. A. Yazynin, A. D. Kovalenko, A. M. Taratin, Yu. A. Gavrikov, Yu. M. Ivanov, L. P. Lapina, W. Ferguson, J. Fulcher, G. Hall, M. Pesaresi, M. Raymond, and V. Previtali, Nucl. Instrum. Meth. B 338, 108 (2014).

18. A. G. Afonin, V. T. Baranov, V. N. Gorlov, V. I. Kotov, V. A. Maisheev, V. I. Terekhov, V. N. Chepegin, Yu. A. Chesnokov, I. A. Yazynin, Atomic Energy 106, 409 (2009).

19. W. Scandale, A. Vomiero, S. Baricordi, P.. Dalpiaz, M. Fiorini, V. Guidi, A. Mazzolari, G. Della Mea, R. Milan, G. Ambrosi, B. Bertucci, W. J. Burger, P. Zuccon, G. Cavoto, C. Luci, R. Santacesaria, P. Valente, E. Vallazza, A. G. Afonin, Y. A. Chesnokov, V. A. Maisheev, I. A. Yazynin, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Y. A. Gavrikov, Y. M. Ivanov, L. P. Lapina, L. G. Malyarenko, V. V. Skorobogatov, V. M. Suvorov, S. A. Vavilov, D. Bolognini, S. Hasan, A. Mozzanica, and M. Prest, Phys. Rev. Lett. 101, 234801 (2008).

20. V. V. Tikhomirov, Phys. Lett. B 655, 217 (2007). 21. W. Scandale, A. Vomiero, E. Bagli, S. Baricordi, P. Dalpiaz, M. Fiorini, V. Guidi, A. Mazzolari, D. Vincenzi, R. Milan, G. Della Mea, E. Vallazza, A. G. Afonin, Yu. A. Chesnokov, V. A. Maisheev, I. A. Yazynin, V. M. Golovatyuk, A. D. Kovalenko, A. M. Taratin, A. S. Denisov, Yu. A. Gavrikov, Yu. M. Ivanov, L. P. Lapina, L. G. Malyarenko, V. V. Skorobogatov, V. M. Suvorov, S. A. Vavilov, D. Bolognini, S. Hasan, A. Mattera, M. Prest, and V. V. Tikhomirov, Phys. Lett. B 682, 274 (2009).

22. A. G. Afonin, V. T. Baranov, M. K. Bulgakov, I. S. Voinov, V. N. Gorlov, I. V. Ivanova, D. M. Krylov, A. N. Lun’kov, V. A. Maisheev, S. F. Reshetnikov, D. A. Savin, E. A. Syshchikov, V. I. Terekhov, Yu. A. Chesnokov, P. N. Chirkov, and I. A. Yazynin, JETP Lett. 93, 187 (2011).

Письма в ЖЭТФ том 101 вып. 9 – 10 2015