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Abstract

     The possibilities of preserving and manipulating the deuteron polarization in colliders are discussed. A small value of deuteron magnetic anomaly (-0.13 comparatively to 1.8 for protons) makes the Siberian snakes method impractical for deuterons, but it leaves the possibility to undertake all the measures on fast and adiabatic crossing of individual spin resonances in a ring developed and implemented earlier and in recent years at ZGS and AGS for polarized proton beams. Fast crossing methods are estimated effective for deuteron energy range below 100 GeV (EPIC collider). At higher energies ( up to 250 GeV for RHIC and 1 TeV for HERA or Tevatron), beam excitation by the static or RF dipoles above the statistical level (due to imperfections or beam emittance) is estimated to be efficient. Static dipoles also can be used in order to transform the vertical polarization of injected and accelerated beam to the stable longitudinal polarization, in energy areas near the spin-resonance value. The possibilities of spin RF-flipping are also discussed, including a possibility of RF-trapped longitudinal spin at half-integer spin tune. Finally, an exotic scheme of a twisted spin synchrotron is described with the possibility of stable longitudinal spin in the whole energy range of storage facility.
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1. Introduction

Experiments with polarized deuteron beams are considered as an important part of high energy physics program for hadron – electron colliders.  Efforts of recent years led one to development of polarized proton and deuteron sources of beam intensity leveling to that of unpolarized sources.  Preserving of a polarized beam state at acceleration and beam circulation during an experiment, and spin manipulation as requested by an experimental program, are the issues that have to be addressed now to the machine and experiments designers. 

     As known, the magnetic anomaly of a particle makes spin tune in a ring proportional to particle energy, causing depolarizing resonances between spin precession and perturbative horizontal fields on particle trajectory. In case of proton beams, spin maintenance at high energies is supposed to be realized with the help of  Siberian Snakes. A snake (helical set of dipoles a number of meters as long) rotates the spins 180 grad around a horizontal axis; this leads to compensation of spin tune dependence on energy (spin echo effect) and allows one to tune the beam off the depolarizing resonances. Implementation of this method is now in progress at RHIC. A small value of deuteron anomal magnetic moment (reduced by a factor of about 30 comparatively to that for proton) makes snakes impractical for relativistic deuteron beams: snake for deuterons would be 30 times longer… On the other hand, thank to this smallness, the spin resonances are rarefied and weaker, than in proton case, by the same factor. In this connection, other important part of the accumulated spin-handling experience – acceleration of polarized protons in AGS – prompts the adequate methods that can be used in deuteron energy range up to 1TeV and above: adiabatic or, in some cases, fast crossing of spin resonances. 

     Fast crossing techniques were developed by group of A. Krisch in order to accelerate polarized protons in ZGS to 12 GeV and then in AGS to 22 GeV. The success was paid by a difficult work on necessary reduction of resonance imperfections and introduction of jumping quadrupoles against the intrinsic spin resonances related to beam emittance.

      Slow crossing, according to Froissart – Stora theory, results in spin flip at very small depolarization. To provide the adiabatic conditions with a guarantee, it was proposed to introduce the perturbative horizontal fields, static against imperfection resonances and RF against the intrinsic resonances, of a magnitude substantially above the statistical level. This method for proton beams was initially implemented at AGS by introduction a solenoid to overcome the imperfection spin resonances (partial Siberian snake). In recent years, the adiabatic method was realized at AGS to work against intrinsic resonances, using beam coherent excitation and driving by RF dipole field.

      The prominent achievements of ZGS and AGS on acceleration of polarized proton beams allow one to scale this success to deuteron energy 1 TeV and, perhaps, above this region. It seems that only one an evident advancement to be added to the developed technique arsenal:  in order to introduce “partial snake” method against imperfection resonances, horizontal dipoles should be used instead of solenoids.

       Below, the possibilities to maintain and manipulate the spin of polarized deuteron beams in synchrotrons /storage rings will be discussed and estimated in more detailes

2. Acceleration of polarized deuterons

Widely known the Froissart-Stora theory predicts the result of a single spin resonance crossing at acceleration or change of particle tunes involved in resonance perturbation. Depolarization effect is determined by a parameter composed of two values: resonance strength, i.e. the reverse number of beam revolutions during a total spin turn around in vertical plane at exact stationary resonance, and the rate of spin detune off resonance. The Froissart-Stora formula can be used in order to evaluate depolarizing effects as well as to formulate the conditions and work out possible measures on preserving the coherent spin.

2.1 Electron-Polarized Ion Collider (EPIC)

       The maximum deuteron energy for this project, about 100 GeV, corresponds only to 3.5 GeV of proton energy, in terms of spin precession rates. It is likely to be built on warm magnets, with acceleration time 0.1 s as short. Therefore, one can expect that the fast resonance crossing techniques will be effective in preventing of beam depolarization. Indeed, the estimated maximum of the Froissart-Stora parameter occurs about 1. Taking into account that there will be very a few of first order imperfection and intrinsic resonances,  one can recommend the jumping quadrupoles to pass rapidly the occurred intrinsic resonances, and reduction of resonance harmonics of orbit excursion to a level 0.1 mm as low, to guarantee the depolarization degree not to exceed 1-2%.  

2.2 Electron-Polarized Ion Collider on base of RHIC ring (ERHIC project)

 Fast crossing techniques can be used at acceleration in AGS to 25 GeV.

In the RHIC ring (maximum enrgy 250 GeV) there are, in total, about 40 imperfection and first order intrinsic resonances, while the acceleration rate is low (1-2 min), because of superconducting magnets. Estimated Froissart-Stora parameter is large (up to 500) for all mentioned resonances. Therefore, the following methods of adiabatic overcoming of the main order spin resonances would be efficient:

      -Introduce horizontal static dipoles, to excite the beam closed orbit essentially above         

        the non-controlled excursions

      -Use resonance RF dipoles for beam coherent excitation, when passing the intrinsic         

      spin resonances, following basically the receipts worked out at AGS for proton beam

2.3 Polarized deuterons in HERA

 In HERA ring, with its maximum energy about 1 TeV and acceleration time 20 min as long, the estimated maximum resonance strength is still 0.03 as low. Thus all the spin resonances are still well separated, unlikely to proton case. Thus, the adiabatic spin control techniques continue to be effective for all these resonances. The required integral of dipole field will be about 3 times larger than in RHIC, but still be not difficult for introduction. A pecularity of this ring is that the designed orbit is not flat, i.e. there are non-compensated vertical bends that, possibly, could work for overcoming the imperfection resonances.

2.4 An issue: second order intrinsic spin resonances

The interference between spin precession in horizontal and vertical fields related to particle free vertical and horizontal oscillations, leads to second order intrinsic resonances. Their strength, evidently, will be quite small, but it may occur not small enough for sufficiently fast crossing the resonance. Perhaps, particle tune jumps can be effectively used to prevent depolarization. This issue needs more study.       

3. Longitudinal spin

As well as the full snakes, the spin rotators (half of a full snake) for obtaining the longitudinal spin in a ring are not feasible for relativistic deuterons. Nevertheless, there does exist a possibility to rotate the spin of a circulating beam from vertical direction to the horizontal one (longitudinal at the collision area), using method of adiabatic approaching of an integer spin resonance. To control the spin, one has to introduce a static horizontal dipole (or a numbe rof them distributed around the ring) that should excite the beam’s closed orbit well above the imperfection level; thus, a “half” of adiabatic Froissart-Stora process has to be performed in order to obtain a stable horizontal spin. The necessary integral field will be minimum in the areas of intrinsic spin resonances. A proper varying of dipoles’ strength and field signs will allow one to obtain longitudinal spin at collision point at different resonance energies, although the reaction energy can be varied continuously by changing the partner electron beam energy.

4. Flipping the spin

            The adiabatic Froissart-Stora process can be used for multiple spin flip in order to           

            eliminate the systematic errors in spin experiments.

4.1 Flipping vertical spin

Applying an RF dipole field in resonance with basic spin precession, one can ramp the RF frequency adiabatically in interval large comparatively to resonance strength. Quality of this process can be limited by the synchrotron oscillations of particle energy. Depolarization can be decreased with increase of the resonance strength. Maximum resonance strength is attainable in energy regions around the intrinsic spin resonances.

4.2 Flipping longitudinal spin

In order to flip longitudinal spin obtained as above described, one can apply a vertical dipole RF field o a low frequency tuned around the horizontal field, and realize the adiabatic frequency ramp in interval large comparatively the resonance strength of the RF field.

5. RF- trapped, each turn flipping horizontal spin

Each turn flipping, stable horizontal (longitudinal or transverse) polarization can be obtained applying a horizontal dipole RF field of a frequency equal to half of beam revolution frequency. The RF dipole has to be synchronized with beam revolution. Transformation of accelerated vertical spin to the horizontal one can be realized, approaching the half-integer spin tune value by the adiabatic energy ramp. Again, the largest resonance strength can be obtained in characteristic energy regions. To enhance in addition the RF dipole effect, vertical orbit tune

Could be selected possibly close to half-integer value.

6. Twisted spin synchrotron

The twisted, or figure 8 synchrotron, presents an interesting possibility of a storage ring in which spin global tune on a plane obit does not depend on particle magnetic anomaly and energy, i.e. it is simply equal to zero. On an ideally plane orbit at no longitudinal field, spin, in fact, is unstable. But, it can be stabilized by introduction of a solenoid in one of two straights; then, spin is constantly longitudinal in this straight and stable at any magnetic anomaly and beam energy. No intrinsic resonances will appear, while solenoid acts as a “partial snake” against depolarizing imperfections. Solenoid may be a cumbersome element for highly relativistic beams (above 20 – 40 GeV for deuterons), then, the horizontal dipoles distributed along the arcs, could be used instead of solenoid. Dipole option can provide not only stable longitudinal spin but also the transverse horizontal one. Dipoles’ field value and signs have to vary with beam energy because of interference with basic spin precession in arcs. 

7. Conclusions

     The above considerations indicate quite optimistic expectations regarding the possibilities to maintain and manipulate spin of polarized deuteron beams in colliders. These expectations are essentially based on references to very successful experience on acceleration of polarized proton beams in AGS accelerator, based on techniques of adiabatic overcoming the spin resonances. 

      In technical aspects, the AGS partial solenoid “snake” can be replaced by the dipole “imperfection snake”, to cover the strength of depolarizing machine imperfections.

       The imperfection snake technique also is capable to provide stable longitudinal spin in a ring. This principle can be incorporated with RF dipoles to arrange the efficient spin flipping, as well.

        The comprehensive studies of these possibilities and related issues would allow one to work out the concrete recommendations for colliders with deuteron beams. 
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