arXiv:hep-ex/0307024 v2 4 Feb 2004

A new ring structure for muon (g − 2) measurements

F.J.M. Farley^∗ Department of Physics, Yale University, New Haven, Connecticut 06520

(Dated: February 4, 2004)

In this storage ring of discrete magnets with uniform field and edge focusing, the field averaged over the orbit is independent of orbit radius (particle momentum). This ring is suitable for measuring the anomalous magnetic moment of the muon. The field, averaged over the orbit, can be calibrated by injecting horizontally polarized protons of the same momentum and measuring the proton (g − 2) precession. The experiment then measures the ratio of muon to proton anomalous moments. A measurement of muon (g-2) at the level of 0.03 ppm appears feasible.

Keywords: muon, magnetic moment, g-2, storage ring

PACS numbers: 13.40.Em, 12.20.Fv, 14.60.Ef, 29.20.Dh

∗ Address for correspondence: 8, Chemin de Saint Pierre, 06620 Le Bar sur Loup, France

The anomalous magnetic moment of the muon a ≡ (g − 2)/2 is sensitive to physics beyond the standard model [1]. Recent experimental results [2] with an error of 0.7 ppm (parts per million) are above the latest theoretical evaluations [3, 4, 5, 6] and many papers have been published commenting on this apparent discrepancy. The theory depends on experimental data for hadron production in e^+e^− collisions obtained with electron-positron storage rings [7, 8], which are steadily being improved. If the discrepancy persists, and if the remaining uncertainties in the theory can be reduced, it could be interesting to make a more precise measurement.

In the experiment, polarized muons, with charge e and mass m, are traditionally trapped to make many turns in a magnetic storage ring with field B. The spin then turns faster than the momentum vector with difference frequency f^μ_a = a (eB/2πmc) (1) while the precession frequency of muons at rest in the same field is

f^μ_s = (1 + a)(eB/2πmc) = λf^p_s (2)

The field averaged over the muon orbits is usually measured by the corresponding proton magnetic resonance (NMR) frequency f^p_s and the precession frequency for muons at rest in the same field f^μ_s is then derived from the ratio of magnetic moments

λ = μ^μ/μ^p = f^μ_s /f^p_s (3)

which is known [9] to 31 ppb (parts per billion).

Combining (1), (2) and (3) the anomaly is calculated from a = R λ − R (4) where R = f^μ_a /f^p_s is the ratio measured in the experiment.

Traditionally the magnetic field is mapped by proton NMR with static probes which are gradually moved around the ring. This requires the ring magnet to be continuous in azimuth without straight sections; large gradients at the end of discrete magnet segments would kill the signal. Furthermore it is difficult to locate the muon orbits precisely in radius, so it is desirable for the mean field to be independent of orbit radius. The first muon storage ring at CERN [10] was weak-focusing, with the field changing by 50 ppm for a 1 mm increment in radius. Fractional ppm measurements cannot be made in such a ring. Subsequent experiments [2, 11] therefore used a uniform magnetic field with vertical focusing supplied by electric quadrupoles. It was shown [12] that if the muons are stored at 3.096 GeV , called the “magic energy”, the radial electric field does not affect the spin motion defined by (1).

Since 1975 all muon (g − 2) measurements have been made at the magic energy in continuous ring magnets with zero magnetic gradient and electric focusing. The dilation of the muon lifetime to 64 μs has been an important factor in achieving the present accuracy, but we are now approaching the limits of this technique. The (g − 2) frequency is determined over about 50 useful precession periods (three lifetimes) and departures from a pure sine wave due to small phase and amplitude modulations [2] can prejudice the fit. Increasing the statistics to obtain better accuracy is not trivial and may augment the problem of signal overlap. Furthermore, surveying the magnetic field to better than 0.1 ppm with NMR probes carried around the ring is subject to uncertainties in calibration, alignment and field stablity.

To improve the experiment it is desirable to increase the energy of the stored muons. This would increase the lifetime so more (g − 2) cycles could be measured, giving a proportional increase in accuracy for the same number of stored particles. But this would mean abandoning electric focusing, which can only be used at the magic energy of 3.1 GeV . It is also desirable to increase the magnetic field to speed up the precession and record more cycles per lifetime. Two innovations make this possible: (a) a ring of discrete magnets with uniform field and edge focusing, separated by straight sections, the mean field over the orbit still being independent of radius; (b) calibration by protons in flight.

The principle is illustrated in fig. 1 which shows a ring with four bending magnets. They are wedge shaped, with the magnet edges inclined along lines which are radial to the centre of the ring. With four sectors this gives a quasi-square orbit with rounded corners. If the track is scaled to a different size, the proportion of time spent inside the field is invariant; so the average magnetic field is independent of radius. On the other hand, the particles cross the magnet edges at an angle, and this gives vertical focusing. Uniform field magnets with edge focusing were used for the ZGS accelerator at Argonne [13].

Using standard formulae [14] the horizontal and vertical tune, Q_h and Q_v can be calculated as a function of the edge angle. With N sectors the bend in each is ψ = 2π/N . Take the bending radius as 1 unit of length. With straight sections of length 2 x between sectors the edge angle θ is given by

T ≡ tan θ = x/{1 + x cot(ψ/2)} (5) implying

x = T /(1 − T z) (6) with z = cot(ψ/2).

In the horizontal plane, the matrix for the magnet edge is ( 1 0 T 1 ) and the matrix for the bend is ( C S −S C ) where C = cos ψ and S = sin ψ. The matrix for the straight section is ( 1 2x 0 1 )

Multiplying out in the following order, edge, bend, edge, straight, we find that half the trace of the overall matrix for one sector is

H_h = C + ST + x{2CT + S(T^2 − 1)} (7)

The horizontal phase advance for one sector is given by the arc-cosine of half the trace of the matrix, so summing over all sectors the horizontal tune becomes

Q_h = arccos(H_h)/ψ (8)

In the vertical plane the calculation is similar, but the matrix for the edge is ( 1 0 −T 1 ) while the matrix for the magnet is just a drift space of length ψ. Multiplying out the matrices as before and using (6), half the trace of the overall matrix for one sector in the vertical plane is

H_v = 1 − T z − 2T^2 − ψT (1 − T z − 2T^2)/(1 − T z) (9)

and the vertical tune is calculated from

Q_v = arccos(H_v)/ψ (10)

With only two sectors, the orbit is unstable in the horizontal plane, but with three or more sectors many combinations of Q_h and Q_v can be obtained by varying x or equivalently the bend angle ψ per sector. With three sectors one obtains the highest average field for a given amount of focusing. Fig. 2 shows Q_h and Q_v as a function of edge angle in this case.

Calibration of the field cannot be achieved with standard NMR probes carried around the ring, because they will not function in the large gradients at the magnet edges. Instead one can observe the precession of horizontally polarized protons in flight, which would automatically average the field over the orbit. If the protons have the same momentum as the muons they must follow exactly the same track. Orbit radii can be compared to sub-millimetre accuracy by measuring the rotation frequency of the particles while they are bunched [15]. (The small correction for the lower proton velocity can be applied with negligible error).

Horizontally polarized protons are regularly used [16] in the Relativistic Heavy Ion Collider (RHIC) at Brookhaven and at 15 GeV give an observed asymmetry of ∼ 0.6% in scattering on a thin carbon ribbon. The ribbon is 5 μm wide and 3.5 μg/cm^2 (150Å) thick and the beam in the collider is observed for several periods of 20 s with negligible loss of intensity, so deterioration of the beam by multiple scattering is not apparent. The counting rate of the recoil carbon atoms is ∼ 1 M Hz for a stored beam of ∼ 2 × 10^{12} polarized protons. In the proposed muon storage ring they would precess at the proton (g − 2) frequency, for example 100 M Hz in a field of 3.6 T . As the average field is to be independent of radius, the spins would remain synchronized for at least 10^7 turns of the spin (∼ 100 ms). As this ring would be ∼ 10 times smaller than RHIC, by injecting for example ∼ 2 × 10^{11} particles for 100 fills one would accumulate 10^7 counts and the spin frequency would be measured in a few minutes to ∼ 7 ppb. Probably one could use a thicker carbon ribbon without excessive scattering and get the same result with less injected beam.

The pitch correction [17] to the (g − 2) frequency would desynchronize the spins if the pitch angle ϕ were too large. But with ϕ expected to be ∼ 0.1 mR the maximum correction (ϕ^2/2) is only 5 ppb.

The injected protons are bunched in time and because the momentum spread is very small they stay bunched for∼ 1000 turns. The rotation frequency, seen in the detector, then measures the orbit radius to better than 1 mm. The emittance of the proton beam is much smaller than that of the muons, so by varying the momentum it can be placed at various radii, and the field (averaged in azimuth) mapped as a function of radius. In practice pole face windings would be used to make the final fine adjustments and ensure that the mean field was independent of radius.

In the vertical plane the protons oscillate about the median plane, sometimes missing the horizontal carbon ribbon, so this oscillation is seen in the detector. By adjusting the injection conditions the oscillation can be minimized, so that the protons turn exactly in the median plane. The beam is then located vertically by moving the carbon ribbon to maximize the signal.

To map the field vertically one can change the median plane by introducing a radial magnetic field. The best way to do this, without changing B, is to tilt the magnets! For example, with Q_v = 0.4 and mean radius 16 m tilting the magnets through an angle of 100 μR moves the median plane 10 mm. For measuring the tilt with nano-radian accuracy, the tiltmeter of R.V. Jones [18] is in use at Brookhaven [19] and could be applied in a feedback loop to stabilize and control the tilt of the magnets. In this way the proton beam can be used to map the field, averaged in azimuth, as a function of horizontal and vertical position in the aperture. It will also be possible to inject the protons with a known vertical or horizontal betatron amplitude and so study how the average field for muons is influenced by oscillations about the equilibrium orbit.

Calibrated in this way, the experiment measures the ratio of muon to proton (g − 2) frequencies f^μ_a /f^p_a . To calculate the anomalous moment a_μ of the muon using Eq. (4) one needs to convert the proton (g − 2) frequency f^p_a to the corresponding proton precession frequency at rest f^p_s , that is one needs the ratio Q = f^p_a /f^p_s = (g^p − 2)/g^p. The gyromagnetic ratio g^p of the proton is 2 × 2.792 847 386 (63) [20], known to 23 ppb, so the error in the ratio Q is only 8 ppb and the conversion from proton (g − 2) frequency to proton spin frequency at rest is sufficiently accurate. By using protons in vacuum to calibrate the field one avoids all diamagnetic corrections due to molecular shielding [21], as well as questions of paramagnetic materials in or near the NMR probes.

A possible structure for 15 GeV muons comprises three 4.5 T magnets with bend radius of 12 m separated by straight sections 4.3 m long. The vertical tune would be Q_v = 0.4, slightly higher than in the storage rings used at CERN and Brookhaven, and Q_h = 1.025. The average field would be ≈ 3.6 T and the accuracy for the same number of stored muons would be ten times better than at present. The final parameters should be chosen to avoid orbit resonances and proton depolarization resonances. One of the straight sections can be used for the proton polarimeter. Another would have a conventional ferrite kicker for injecting the particles. The residual field in the kicker should drop to low values after ∼ 10 μs but in any case it could be tracked with the polarized protons. As the incoming particles do not have to pass through a magnet, there would be no need for an inflector to cancel the magnet field along the incoming particle track [22].

The advantages of this new ring structure are as follows:

1) No electric quadrupoles;

2) No NMR trolley, which has to be calibrated, with corrections for the diamagnetism of water, etc;

3) No superconducting inflector;

4) Injection with a simple kicker in a field-free region;

5) Higher muon energy, giving longer lifetime, and proportionally higher accuracy. 6) Lower counting rates for the same number of stored muons, so less problem with overlapping signals;

7) More time for detectors to recover from initial transients and particles created at injection; 8) Higher magnetic field giving more (g − 2) cycles per lifetime and more accuracy: this is not possible with electric focusing as the electric field must be increased pro rata and is limited by breakdown.

Muon sources of reasonable intensity are available from existing accelerators and an experiment

at the level of 0.03 ppm (20 times better than at present) looks feasible. Ensuring field stability

while changing from proton to muon storage would require careful design. Many details remain to

be worked out; this is only a first report on a new concept.

This work was supported in part by the U.S. Department of Energy. I am indebted to Professor

Vernon Hughes at Yale for support and encouragement by over many years. I thank G. Bunce and

Paul T. Debevec for some helpful remarks.

[1] K. Melnikov, Int. J. Mod. Phys. A 16, 4591 (2001)

S.Eidelman, Nucl. Phys. Proc. Suppl. B 98, 281 (2001) S.I. Eidelman, S.G. Karshenboim and V.A. Shelyuto Can.J.Phys 80, 1297 (2002) J. R. Ellis, S. Heinemeyer , K. A. Olive and G. Weiglein, J.High.En.Phys. 301, 6 (2003) A. Czarnecki, W. J. Marciano and A. Vainshtein, Phys. Rev. D 67, 073006 (2003) P. Langacker, J. Phys. G 29, 1 (2003) L. Chatterjee, A. Sirlin, W.J. Marciano (eds.), 50 Years of Electroweak Physics: A Symposium in Honor of Professor Alberto Sirlin’s 70th Birthday, J. Phys. G 29, 1-234 (2003) .

[2] G.W. Bennett, B. Bousquet, H.N. Brown, G. Bunce, R. M. Carey, P. Cushman, G.T. Danby, P.T.

Debevec, M. Deile, H. Deng, W. Deninger, S.K. Dhawan, V.P. Druzhinin, L. Duong, W. Earle, E. Efstathiadis, F.J.M Farley, G.V. Fedotovich, S. Giron, F. Gray, D. Grigoriev, M. Grosse-Perdekamp, A. Grossmann, M.F. Hare, D.W. Hertzog, X. Huang, V.W. Hughes, M. Iwasaki, K. Jungmann, D. Kawall, B.I. Khazin, J. Kindem, F. Krienen, I. Kronkvist, A. Lam, R. Larsen, Y.Y. Lee, I. Logashenko, R. McNabb, W. Meng, J. Mi, J.P. Miller, W. M. Morse, D. Nikas, C.J. G Onderwater, Y. Orlov, C.S. Özben, J.M. Paley, Q. Peng, C. C. Polly, J. Pretz, R. Prigl, G. zu Putlitz, T. Qian, S.I. Redin, O. Rind, B.L. Roberts, N.M. Ryskulov, P. Shagin, Y.K. Semertzidis, Yu.M. Shatanov, E.P. Sichtermann, E. Solodov, M. Sossong, A. Steinmetz, L.R. Sulak, A. Trofimov, D. Urner, P. von Walter, D. Warburton and A. Yamamoto, Phys. Rev. Lett. 89, 101804 (2002) .

[3] M. Davier, S. Eidelman, A. Hocker and Z. Zhang, Eur.Phys.J.C 27, 497 (2003)

ibid. hep-ph/0308213 (2003), Phys. Lett. B in the press. [4] F. Jegerlehner, J. Phys. G 29, 279 (2003) .

[5] K. Hagiwara, A.D. Martin, D. Nomura and T. Teubner , Phys. Lett. B 557, 69 (2003) . [6] S. Ghozzi and F. Jegerlehner, hep-ph/0310181 (2003). [7] R.R.Akhmetshin et al., Phys. Lett. B 475, 190 (2000)

R.R.Akhmetshin et al.,hep-ex/9904027 R.R.Akhmetshin et al., Nucl. Phys. A 675, 424 (2000) R. Akhmetshin et al. (CMD-2 Collaboration), hep-ex/0308008 (2003).

[8] J.Z. Bai, et al., BES Collaboration, Phys. Lett. 84, 594 (2000) . [9] W. Liu et al., Phys. Rev. Lett. 82, 711 (1999)

D.E. Groom et al., Eur.Phys.J. C15, 1 (2000) .

[10] J. Bailey, W. Bartl, G. von Bochmann, R.C.A. Brown; F.J.M. Farley, M. Giesch, H, Jöstlein, S. van der Meer, E. Picasso and R.W. Williams, Nuovo Cimento A 9, 369 (1972) .

[11] J. Bailey, K. Borer, F. Combley, H. Drumm, C. Eck, F. J.M. Farley, J.H. Field, W. Flegel, P.M.

Hattersley, F. Krienen, F. Lange, G. Lebee, E. McMillan, G. Petrucci, E. Picasso, 0. Rúnolfsson, W. von Rüden, R.W. Williams and S. Wojcicki, Nucl. Phys. B 150, 1 (1979) .

[12] J. Bailey, K. Borer, F. Combley, H. Drumm, F. J.M. Farley, J.H. Field, W. Flegel, P.M. Hattersley, F.

Krienen, F. Lange, E. Picasso and W. von Rüden, Nature 268, 301 (1977) . [13] K. Symon et al. Phys. Rev. 103, 1837 (1956) .

[14] John J. Livingood, Principles of Cyclic Particle Accelerators, Van Nostrand Reinhold, 1961. [15] H.N. Brown, G. Bunce, R. M. Carey, P. Cushman, G.T. Danby, P.T. Debevec, H. Deng, W. Deninger, S.K. Dhawan, V.P. Druzhinin, L. Duong, W. Earle, E. Efstathiadis, G.V. Fedotovich, F.J.M Farley, S. Giron, F. Gray, M. Grosse-Perdekamp, A. Grossmann, U. Haeberlen, M.F. Hare, E.S. Hazen, D.W. Hertzog, V.W. Hughes, M. Iwasaki, K. Jungmann, D. Kawall, M. Kawamura, B.I. Khazin, J. Kindem,

F. Krienen, I. Kronkvist, R. Larsen, Y.Y. Lee, I. Logashenko, R. McNabb, W. Meng, J. Mi, J.P. Miller, W. M. Morse, C.J. G Onderwater, Y. Orlov, C. Ozben, C. Polly, C. Pai, J.M. Paley, J. Pretz, R. Prigl, G. zu Putlitz, S. Sedykh, Y.K. Semertzidis, Yu.M. Shatanov, E. Solodov, M. Sossong, A. Steinmetz, L.R. Sulak, T. Timmermans, A. Trofimov, D. Urner, P. von Walter, D. Warburton, D. Winn, A. Yamamoto and D. Zimmerman, Phys. Rev. D 62, 091101(R) (2000) .

[16] O.Jinnouchi et al., Proc. 15th Int. Symp. on High-Energy Spin Physics, SPIN2002 A. Bravar et al., Proc. CIPANP2002 G. Bunce, Int. J. Mod. Phys. A 18, 1255 (2003) .

[17] F.J.M. Farley, Phys. Lett. B 42, 66 (1972) . [18] R.V. Jones and J.C.S. Richards, J. Phys. E 6, 589 (1974) . [19] G.W. Bennett and S. Rescia, unpublished.

[20] K. Hagiwara et al. Particle Data Group, Phys. Rev. D 66, 010001 (2002) . [21] W.D. Phillips et al. Metrologica 13 (1977) 179 .

P.F. Winkler, D. Kleppner, T. Myint and F.G. Walther, Phys. Rev. 60, 817 (1972) . [22] F. Krienen, D. Loomba and W. Meng, Nucl. Instrum. Methods A 283, 5 (1989) .

FIG. 1: Four-magnet ring. In each magnet the particle is deflected through 90^o .

FIG. 2: Tune of three-magnet ring. The bend in each magnet is 120^o . The edge angle is half the opening angle between magnets.