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Abstract. The Relativistic Heavy Ion Collider (RHIC) is designed to provide collisions of high 
energy polarized protons for the quest of understanding the proton spin structure. Polarized proton 
collisions at a beam energy of 100 GeV have been achieved in RHIC since 200.1. Recently, polarized 
proton beam was accelerated to 250 GeV in RHIC for the first time. Unlike accelerating unpolarized 
protons, the challenge for achieving high energy polarized protons is to fight the various mechanisms 
in an accelerator that can lead to partial or total polarization loss due to the interaction of the spin 
vector with the magnetic fields. We report on the progress of the RHIC polarized proton program. 
We also present the strategies of how to preserve the polarization through the entire acceleration 
chain, i.e. a 200 MeV linear accelerator, the Booster, the AGS and RHIC. 
Keywords: polarized protons, acceleration, spin 
PACS: 41.75.Ak, 07.77.+p,29.27.Bd, 29.27.Hj 

INTRODUCTION 

In the quest to understand the proton spin structure, experiments desire to investigate 
the collisions of polarized protons. In addition to all the issues that any high energy 
collider has to face in order to achieve high luminosity, the challenge for polarized proton 
collisions is to maintain the beam polarization throughout the acceleration and during 
collision. In general, the depolarization in an accelerator is caused by the perturbation 
from the magnetic field errors on the spin precession around the guiding magnetic field. 
In a circular accelerator, the spin motion is governed by the Thomas-BMT equation [ 11 

The work was performed under the US Department of Energy Contract No. DE-AC02-98CH1-886, and 
with support of RIKEN(Japan) and Renaissance Technologies Corp.(USA) 
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FIGURE 1. Strength of intrinsic and impeifection spin resonances from injection energy to 250 GeV. 
These are calculated from a RHIC lattice without snakes and spin rotators. The intrinsic spin resonance 
strength is calculated with a single particle at an emittance of 10n mm-mad. The imperfection spin 
resonance strength is calculated with an vertical orbit distortion of I mm. 

where ,? is the spin vector in the particle's rest frame, e and rn are, respectively, the 
electric charge and rest mass of the particle, y is the Lorentz factor, G = 1.793 is the 
proton anomalous g-factor, gl and B'll are the transverse and longitudinal components 
of the magnetic fields in the laboratory frame with respect to the particle's velocity pc, 
and y is the relativistic Lorentz factor. Here, Eq. 1 shows that in an accelerator with only 
the guiding dipole field, the spin vector precesses Gy times in one orbital revolution. 
Qs = Gy is then defined as spin tune. 

In reality, because of magnetic field errors, quadrupole misalignments and vertical 
betatron oscillations, the spin precession is perturbed. When the frequency of the pertur- 
bation on the spin motion coincides with the spin precession frequency, the spin vector 
gets resonantly kicked away from vertical direction and a spin resonance occurs [2]. 

In general, depending on the source of the spin perturbing magnetic fields, there are 
two types of spin depolarization resonances. Machine imperfections like dipole errors 
and quadrupole misalignments result in vertical closed orbit distortions and induce im- 
perfection spin resonances at Gy = k where k is an integer. The vertical betatron os- 
cillation, on the other hand, makes particles to sample the horizontally oriented focus- 
ing fields and drives intrinsic spin resonances at Gy = kP f Qy. Here, P is the super- 
periodicity of the machine and Q, is the vertical betatron tune. Fig. 1 shows the strengths 
of intrinsic resonances and imperfection resonances as a function of energy in RHIC, the 
higher the energy, the stronger the spin depolarization resonance. 

The amount of depolarization after crossing a resonance is a function of the resonance 
strength as well as the speed of resonance crossing. For an isolated resonance, the ratio 
of the polarization after crossing through the resonance Pf to the initial polarization Pi 
is given by the Froissart-Stora formula [3] 

. 



where a = % is the resonance crossing rate and E is'the strength of the spin resonance. 
Eq. 2 clearly shows that for I $ I = 1, one can either make the resonance strength to zero 
or cross a resonance very quickly. For imperfection resonances, the resonance strength 
is proportional to the amplitude of the closed orbit distortion, and can be significantly 
reduced with a particular setting of dipole correctors magnets. For intrinsic resonances, 
the strength is proportional to the amplitude of the betatron oscillation and the resonance 
can be overcome by a fast jump of the betatron tune. 

Both, the technique of using vertical harmonic orbit correction to overcome imperfec- 
tion resonances and the technique of using tune-jumps to cross intrinsic spin resonances 
have been first developed at the ZGS (Zero Gradient Synchrotron) [4]. New techniques 
of using a 5% partial Siberian snake to avoid imperfection resonances and using an rf 
dipole to induce adiabatic full spin flip at a strong intrinsic spin resonance were also 
successfully developed at the AGS [5,6,7, 81. However, it is still operationally imprac- 
tical to apply these techniques to high energy polarized proton accelerators like RHIC 
due to the amount of spin depolarizing resonances during the acceleration [9]. Thanks to 
the invention of the Siberian snake by Derbenev and Kondratenko in 1976, the polarized 
proton acceleration to high energies became practical. The Siberian snake is a special 
device which rotates the spin vector by 180" around an axis in the horizontal plane. 
With this the spin tune becomes energy independent and both imperfection resonances 
and intrinsic resonances are avoided [lo]. 

P 

POLARIZED PROTON ACCELERATION IN RHIC AND ITS 
INJECTORS 

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory is a 
high energy collider designed to provide not only collisions of heavy ions but also of 
polarized protons at a maximum energy of 250 GeV. Table 1 lists the design parameters 
for the polarized proton collisions in RHIC [ 1 13. 

TABLE 1. RHIC design parameters for polarized proton operation 

injection energy (GeV) 24.3 beta* (m) 1 .o 
store energy (GeV) 250 average luminosity 150x lo3' 

(cm-2s-1) 
protons per bunch 2 x  lo1' average polarization 70% 
bunches per ring 1 I 1 normalized emittance 20n 

(mm-mrad) 

The collider consists of two circular synchrotrons (Blue ring and Yellow ring) laying 
side by side as shown in Fig. 2. Polarized H-  ion beam from the Optically Pumped 
Polarized Ion Source (OPPIS) is accelerated to 200 MeV through the linear accelera- 
tor (LINAC) and then strip-injected in the Booster where the polarized proton beam is 
accelerated to a kinetic energy of 1.42 GeV. At the end of each Booster acceleration 
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FIGURE 2. Polarized proton acceleration complex at Brookhaven National Laboratory 

cycle, the polarized proton beam is injected into the AGS and accelerated to a kinetic 
energy of 23 GeV. 

The acceleration of polarized H-  ion beam in LINAC is spin transparent. Special se- 
tups are needed for the polarized proton acceleration in the chain of circular accelerators 
like the Booster, the AGS and RHIC. 

Booster polarization setup 

As a low energy machine, the spin resonances in the Booster are in general weak. 
The intrinsic spin resonance in Booster is avoided by setting its vertical betatron tune 
at 4.7, higher than the beam extraction energy (Gy = 4.5). The only spin depolarizing 
resonances the polarized proton beam sees are the two imperfection spin resonances 
at Gy = 3 and 4. These two imperfection spin resonances in the Booster can be fully 
corrected by using the vertical harmonic correctors [12], and then the Booster becomes 
spin transparent. 

AGS polarization setup 

The polarized proton beam in the AGS on the other hand encounters a total of over 
40 imperfection spin resonances during the acceleration. Since the AGS has a super- 
periodicity of 12, there are only seven intrinsic spin resonances. Four of them are strong 
resonances which can cause full polarization loss or partial spin flip with the regular AGS 
polarized proton ramp rate [12]. Before 2006, the AGS employed a 5% partial snake to 
preserve the beam polarization through all the imperfection spin resonances [ 121 plus an 



rf dipole, which drives the beam at the neighborhood of the betatron frequency, to induce 
a full spin flip at the four strongest intrinsic spin resonances [8]. However, because the 
three weak resonances are not corrected and imperfection of spin flipping with the rf 
dipole due to the lack of its strength, the best polarization transmission efficiency in the 
AGS was around 76%. During the RHIC 2006 run, AGS used a 5.9% room temperature 
helical snake plus a super-conducting helical snake which can provide an maximum 
strength of 20% at the AGS extraction energy to overcome all the imperfection and 
intrinsic spin resonances. The two snakes are located 4 of the ring apart and yield a spin 
tune as [ 131 

COSKQ~ = cosGymos-cos- w e  ww - cosGy-sin-sm-. iT . w e  . yw 
2 2  3 2 2  (3) 

Here, yC and ww are the amount of spin rotations the strong super-conducting snake 
and the 5.9% snake provides, respectively. Eq. 3 implies that not only the spin tune is 
forbidden in a gap around each integer but also that the width of the gap is modulated at 
an integer multiple of 3. The gap reaches its maximum width at each integer multiple of 
3 where the two snakes are coherently added and otherwise reaches its minimum width 
when the two snakes are subtracted. Since the AGS has a super-periodicity of 12, all the 
strong intrinsic resonances are located at the integer multiple of 3 where the spin tune 
forbidden gap reaches its maximum. Hence, by placing the vertical betatron tune inside 
the spin tune forbidden gap, neither the imperfection nor the intrinsic spin resonances are 
crossed during the AGS acceleration. During the latest RHIC polarized proton operation 
in 2006, the setup of running the cold snake at a strength of 10% plus the 5.9% warm 
snake yielded a polarization of 65% with a bunch intensity of 1.5 x 10l1 at the AGS 
extraction energy. The vertical betatron tune was set to 8.98 and higher [ld,]. 

RHIC polarization setup 

In RHIC, in order to preserve the polarization during the acceleration, two full 
Siberian snakes [ 111 located at 180' apart from each other are used. Each snake ro- 
tates the spin vector by 180' around an axis in the horizontal plane. The spin precession 
tune Qs is defined as 

1 

Qs = ;A$ (4) 

where A$ is the angle difference between the precession axes of the two snakes. With 
the axes of the two snakes perpendicular to each other, the spin precession tune is i. 
However, even with full snakes, significant polarization can still be lost if the following 
condition is met near a strong intrinsic spin resonance: 

mQ, = Qs + k. (5 )  

Here, m, k are integers, Qy is the vertical betatron tune and Qs is the spin precession tune. 
These are the so called snake resonances [2] and have been experimentally observed at 
RHIC. Fig. 3 shows the measured beam polarization as a function of beam vertical tune 
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FIGURE 3. This plot shows the beam polarization as a function of the vertical tune when beam was 
stored at an energy of Gy = 63. The data points with vertical betatron tune above 0.7 are taken in the 
RHIC 2005 operation and the rest of data points are taken during the latest RHIC operation in 2006. 
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in the Blue ring. The data were taken with beam stored at an energy corresponding to 
Gy = 63. The snake resonance at Qy = & is visible. 

For RHIC with two full snakes, only the snake resonances at (2m + l)Qy = Qs + k 
exist if the closed orbit is fully corrected. However, both snake errors and imperfections 
resonances can shift the spin precession tune away from half integer. This in turn not only 
excites the even order snake resonances at 2mQy = Qs + k but also causes each snake 
resonance to split [2, 161. This then shrinks the available space for the betatron tune 
during the acceleration. Hence, precise control of tune and orbit distortion are critical. 

RHIC also employs local spin rotators at the entrance/exit of the two large detec- 
tors (STAR and PHENIX) to provide longitudinally spin oriented polarized proton 
beams for the experiments. At the entrance of the detector, a spin rotator rotates the 
spin vector by 90 degrees into the longitudinal direction and then rotates the spin vector 
back to vertical at the exit of the experiment. 

A total of three polarimeters using the Coulomb-Nuclear Interference effect were 
installed in RHIC to measure the beam polarization. The absolute polarimeter using a 
polarized hydrogen jet target (H jet polarimeter) is located at one of the RHIC interaction 
points [17], and measures the asymmetry of recoil protons from the elastic collisions off 
the polarized hydrogen jet target with a polkization of 92.4 f 1.8%. The two relative 
carbon polarimeters (one for Blue beam and one for Yellow beam) use carbon targets and 
measure the asymmetry of the recoil carbon [ 181. The beam polarization is obtained from 
the measured asymmetry normalized by the analyzing power. The carbon polarimeter 
analyzing power at 100 GeV was calibrated with the H jet polarimeter in RHIC in 2004. 



RHIC POLARIZED PROTON PERFORMANCE 

From the RHIC injection energy to its current store energy (100 GeV), there are four 
strong intrinsic spin resonances at 93 - Q?, 69 + Q,, 75 + Qy and 150 + Qy. To avoid 
polarization loss, it is required to place the RHIC working point in a window free 
of snake resonance. Even with two full snakes, an imperfection resonance due to the 
vertical closed orbit distortion can overlap with an intrinsic resonance and induce even 
order snake resonance which reduces the available tune space. Thus, good control of the 
work point and vertical orbit is very critical for the RHIC operation. 

Currently, RHIC polarized protons are accelerated to the stored energy at the working 
point of (0.73,0.72) to avoid the snake resonances at Qy = x i. The 
working point is then swung down to (0.695,068) favored for the luminosity lifetime as 
well as the polarization lifetime [19]. This working point swing is necessary because it 
is difficult to inject beam with the working point due to the 3rd order resonance driven 
by the sextupole component in the main dipoles [ 19 I. 

TABLE 2. RHIC achieved Derformance 

x i and Qy = 

Table. 2 lists the achieved RHlC performance from 2002 to 2006. 

Year collision p* number of bunch peak lumi- average 
points [m] bunches intensiiy -nosity x lo3' polarization 

x 10 ~rn-~s- l  at store[%J 

2002 4 3  55 0.70 2.0 15 
2003 4 1  55 0.70 6.0 35 
2004 4 1  56 0.70 6.0 46 
2005 3 1  106 0.90 10.0 47 
2006 2 1  111 1.35 35.0 65 

The significant increase of polarization and luminosity from 2005 to 2006 is mainly 
due to the success of the dual partial snake scheme in the AGS. This technique not 
only improved the polarization transmission efficiency but also allowed higher bunch 
intensities without compromising the beam polarization [ 141. 

Other than the precise control of the betatron tune and closed orbit distortion for the 
polarized proton acceleration in RHIC [l5], it is also very critical to optimize the snake 
current settings to make the spin precession tune as close to the half integer as possible. 
Any deviation of the spin tune from the half integer results in a reduction of the available 
window for the betatron tune to avoid snake resonances [20]. 

During the 2006 polarized proton run, the polarized protons were also accelerated to 
the maximum design energy of 250 GeV for the first time to explore the depolarizing 
resonances between 100 GeV and 250 GeV during which the three predominant intrinsic 
spin resonances at Gy = 243 + Qy - 12, Gy = 405 - Qy + 12 and Gy = 405 + Qy - 12 
are more than a factor of two stronger than the strong intrinsic spin resonances below 
100 GeV. Fig. 4 shows the measured polarization at 250 GeV using the 100 GeV ana- 
lyzing power, The beam polarization at injection was around 65% and the polarization 
at store averaged around 45%. Some depolarization is evident. 

The polarization was measured as function of beam energy during the acceleration 
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FIGURE 4. This plot shows the beam polarization at injection as well as at store in 'the Blue ring. A 
total of 6 bunches of polarized protons were accelerated in the Blue ring. The beam was stored at 250 GeV 
for the polarization measurement as a function of betatron tunes. The solid line is the total beam intensity 
as a function of time from the beginning of the ramp. The solid dots are the measured beam polarization. 
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FIGURE 5. This plot shows the polarization measurement as a function of beam energy in the Blue 
ring for two consecutive ramps. Both data consistently show the depolarization around 136.5 GeV. 

to identify the location of depolarization. Fig. 5 shows the measured asymmetry as a 
function of beam energy. It clearly shows the depolarization occurs at the sharp step 
around 136.5 GeV, the first strong intrinsic resonance at Gy = 243 + Qy - 12 after 
100 GeV. 

CONCLUSION 

Accelerating polarized protons to high energies provides an unique opportunity to study 
the details of the proton spin structure. As the world's first and only high energy 
polarized proton collider, the Relativistic Heavy Ion Collider at Brookhaven National 
Laboratory has achieved 65% beam polarization at 100 GeV with a peak luminosity 
of 35 x 1030crn-2s-1. With further improvement of the AGS dual snake technique to 
avoid the depolarization from horizontal resonances, RHIC is looking forward to provide 
higher peak luminosity polarized proton collisions with a polarization of 70% or greater. 



The challenge for future polarized proton collisions at RHIC lies in two aspects. The 
first is to preserve the polarization beyond 100 GeV. Fig. 1 shows that the intrinsic spin 
resonance strength is a factor of two stronger than those belovlr 100 GeV. Precise orbit 
control as well as betatron tune control will be very critical for staying away from the 
snake resonances. Currently, RHIC luminosity is limited by beam-beam effects [21,22]. 
At its current working point for store (0.69, 0.685), it was found that the third order 
betatron resonance at 3Q.x = k limits the beam and luminosity lifetime. Here, k is integer. 
For further luminosity improvements, a resonance correction is investigated together 
with the correction of non-linear chromaticity. 
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