
N A T I O N A L  L A B O R A T O R Y  

Accelerating polavized protons to 250 Ge V 

M. Bai, L. Ahrens, G. Alekseev, J. Alessi, J. Beebe-Wang, 
M. Blaskiewicz, A. Bravar, J.M. Brennan, K. Brown, D. Bruno, 

G. Bunce, J. Butler, P. Cameron, R. Connolly, J. DeLong, 
T. D'Ottavio, A. Drees, W. Fischer, G. Ganetis, C. Gardner, 
J.W. Glenn, T. Hayes, H.C. Hsueh, H. Huang, P. Ingrassia, 

J. Laster, R. Lee, A. Luccio, Y. Luo, W.W. MacKay, 
Y. Makdisi, G. Marr, A. Marusic, G. McIntyre, R. Michnoff, 

C. Montag, J. Morris, P. Oddo, B. Oerter, J. Piacentino, F. Pilat, 
V. Ptitsyn, T. Roser, T. Satogata, K. Smith, D.N. Svirida, 

S. Tepikian, D. Trbojevic, N. Tsoupas, J. Tuozzolo, M. Wilinski, 
A. Zaltsman, A. Zelenski, K. Zeno, S.Y. Zhang 

Presented at the 22"d Particle Accelerator Conference (PAC) 
Albuquerque, New Mexico 

June 25 - 29,2007 

Collider-Accelerator Department 

Brookhaven National Laboratory 
P.O. Box 5000 

Upton, NY 11973-5000 
www. btII.gov 

Kotice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under 
Contract No. DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the 
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up, 
irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others 
to do so, for United States Government purposes. 

This preprint is intended for publication in a journal or proceedings. Since changes may be made before 
publication, it may not be cited or reproduced without the author's permission. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party's use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof 



address=BNL, Upton, NY 11973, USA 

Accelerating Polarized Protons to 250 GeV* 

M. Bai, L. Ahrens, I. 6. Alekseev, J. Alessi, J. Beebe-Wang 
hl. Biaskiewicz, A. Bravar, J. h4. Brenna,n, K. Brown, D. Bruno, G. Burlce 

J. Butler, P. Cameron, R. Connolly, J. Delong, T .  D'Ottavio 
A. Drees, W. Fischer, G. Ganetis, C. Gardner, J. Glenn, T. Hayes 
H-C. Hseuh, H. Huang, P. Ingrassia, J. Laster, R. Lee, A. Luccio 

Y. Luo, 1%'. W. MacKay, Y .  Makdisi, G. Marr, A. bfarusic, G. h,fcIntyre 
R. IViIichnoff, C. Montag? J. Morris, P. Oddo, 13. Oerter, J. Piacentino 
F. Pilat, V. Ptitsyn, T. Roser, T. Satogata, K. Smith, D. N. Svirida 

D. Trbojevic, N. Tsoupas, J. Tuozzolo, N. Vl'ilinski, S. Tepikian 
A. Zaltsman, A. Zelenski, K. Zeno, S. Y. Zhang 

The Relativistic Heavy Ion Collider (RHIC) as the first high energy polarized proton collider 
was designed t o  provide polarized proton collisions a t  a maximum beam energy of 250 GeV. I t  has 
been providing collisions a t  a beam energy of 100 Gel' since 2001. Equipped with two full Siberian 
snakes in each ring, polarization is preserved during tlie acceleration from injection t o  100 GeV 
with careful control of the betatron tunes and the vertical orbit distortions. However, the  intrinsic 
spin resonances beyond 100 GeIT are about a factor of two stronger t,han those below 100 Gel? 
making it important t o  examine the impact of these strong intrinsic spin resonances on polarization 
survival and the tolerance for vertical orbit distortions. Polarized protons were accelerated t o  the 
record energy of 250 GeV in RHIC with a polarization of 46% measured a t  top energy in 2006. The 
polarization measurement as a filnct,ion of beam energy also shows some polarization loss around 
136 GeV, the first strong intrinsic resonance above 100 GeV. This paper presents the results and 
discusses the sensitivity of the polarization survival t o  orbit distortions. 

I. INTRODUCTION 

As the world first high energy polarized proton collider, 
the Relativistic Heavy Ion Collider at Brookhaven has 
been successfully providing collisioris of polarized pro- 
tons at 100 GeV since 2001. Two pairs of Siberian snakes 
were employed in the two accelera.tors of RHIC to keep 
the spin precession tune Q,, i.e. the spin precessioi~ fre- 
quency in unit of orbital revolution frequency, at $ and 
independent of beam energy. Hence, the imperfect,ion 
spin resonances and intrinsic spin resona.nces are avoided 
during acceleration and at store [? 1. However, due to the 
vert,ical betatron oscillat.iori, perturbations from the hor- 
izontal focusing fields on the spin rnotion can still add 
up coherently and lead to depolarization. This is tlie 
mechanism of snake resonances [2, 31 given by 

mQy = QB + k .  (1) 

Here, m and k are integers a,nd m is the order of the snake 
resonance [3]. This was also experimentally observed at 
IUCF [5]. Depending on whether m is an even number 
or an odd number, the snake resonances are categorized 
into even order resonances and odd order resonances, re- 
spectively. The two snakes in each of the two RHIC ac- 
celerators are separated by 180' which provide additional 

cancellation when m is an ever) number. Hence, all the 
even order snake resonances are absent. However, the 
even order snake resonances reappear if the intrinsic res- 
onance overlaps an imperfection resonance. The overlap 
of an intrinsic resonance with an imperfection resonance 
also splits the existing odd order resonances [3, 71. All 
of t,his greatly reduces the available betatron tune space 
where polarization can be preserved. 

Since 2005, RHIC has successfully accelerated polar- 
ized protons up to 100 GeV with no polarization loss 
by carefully controlling the betatron tunes and the ver- 
tical orbit distortion. A record polarization of 65% was 
reached during the RHIC polarized proton operation in 
2006 181. - - .  L - J 

However, between 100 GeV and 250 GeV, there are 
three strong intrinsic spin resonances located at G-y = 
3x81+(Qg-12) -- 260.7, G? = 5x81-(Q,-6) -- 381.3 
and Gy = 5 x 81 + (Q, - 12) -- 422.7 as shown in Fig. 1. 
These resonances are more than a factor of two stronger 
than the st,rong spin resonances below 100 GeV. Since the 
stronger the intrinsic resonance, the stronger the derived 
snake resonances, the tolerance on the nearby imperfec- 
t,ion resonance, i.e. the vertical closed orbit distortion, 
is tighter. The numerical simulation shows that the im- 
perfection resonance strennth should be below 0.075 to - 
avoid depolarization at these three strong intrinsic reso- 
nances [I]. This corresponds to a closed orbit distortion 

"The work was performed under the US Department of En. 0'3 nirri rmS it is necessary 
ergy Contract N ~ .  DEAC02-98CH1-88(j, and with support of whether the polarization would survive the acceleration 
RIKEN(Japan) and Renaissance Technologies Corp.(USA) from 100 GeV to 250 GeV wit,h the precision of tune and 



FIG. 1: RHIC intrinsic spin resonance strength as a function 
of beam energy. This is calculated with a 2 m P* at STAR 
and PHENIX, 3 m B* at Brahms. 10 m P* at PHOBOS and 
5 m $* at the RHIC absolute polarimeter [12]. 

orbit control currently achieved at RHIC. 

11. ACCELERATING POLARIZED PROTONS 
TO 250 GEV IN RHIC 

I11 2006, RHIC had its first opportu~lit~y to acceler- 
at.e the polarized protons up its designed store energy 
at 250 GeV to explore both the polarization issues be- 
yond 100 GeV and luminosity aspect at 250 GeV. Even 
thoilgh the first test of accelerating polarized protons 
to 205 GeV in 2005 yielded significant polarization at 
205 GeV [? 1, the last strong intrinsic resonance at 
Gy = 5 x 81 + (Q, - 12) -- 422.7 was not explored due 
to the energy limit. 

The polarized proton setup for the 250 GeV develop- 
ment is very similar to the setup for the 205 GeV devel- 
opment except that the betatron tunes were kept below 
0.7 from injection to store energy during the 250 GeV. 
Since the Siberian snakes in RHIC are helical dipoles, the 
amount of spin rotation from the snakes is weakly de- 
pendent on the beam energy and the magnet current re- 
mains constant during acceleration and store. The bearm 
polarization in RHIC was measured by the relative car- 
bon polarimeter (CNI polarimeter) based on Coulomb- 
nuclear irit,eraction effect [13, 141. The beam polarization 
is obtained from measuring the left and right asymme- 
try ~lormalized by the analyzing power. In general, t,he 
analyzing power is a function of beam energy and the 
RHIC CNI polarimeter analyzing power at 100 GeV was 
calibrated by the RHIC absolute polarimeter using H jet 
target polarimeter [12]. Since it is expected that the an- 
alyzing power variation is very small at high energy, the 
analyzing power at 100 GeV was also at 250 GeV as well 
as 205 GeV. 

The polarized proton beam in one ring was accelerated 
to 250 GeV and an average 46% polarization was mea- 
sured at the store energy. Fig. 2 shows the polarization 
measured at injection and at store. 

FIG. 2: The top plot shows the beam energy in unit of G? 
as a function of the time from the beginning of the RHIC 
acceleration. The bottom plot shows the beam current, and 
polarization measured in the Blue ring. The beam polariza- 
tion at injection is around 6576 and beam polarization at store 
is about 46%. 
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FIG. 3: Both data sets in the plot are the polarization mea- 
surement a? a function of beam energy from two consecutive 
ramps. Both show a step of left-right asymmetry reduction 
around 136 GeV where the first strong intrinsic spin resonance 
beyond 100 GeV at Gy - 260.7. 

It is very encouraging to see 46% beam polarization at 
250 GeV. However, a depolarization of 30% is also evi- 
dent. In order to 1oca.te where the polarization loss oc- 
curs, a polarization measurement as a function of beam 
energy was carried out. Fig. 3 shows the polarization 
measurement as a function of the beam energy. Since 
the analyzing power could change slightly as  a function 
of beam energy, the data in Fig. 3 are presented as the 
measured raw asymmetry as a fiinction of beam energy. 
However, it is still reasonable to assume that the ana- 
lyzing power is a smooth curve of the beam energy [15]. 
Hence the sudden reduction of the measured asymme- 
try around beam energy of 136 GeV is evidence of where 
polarization got loss. 

Fig. 3 also shows that there is no p~la~rization loss at 
the other two spin resonances. As discussed earlier, the 
depolarization at a spin resonance should be associated 
with the closed orbit distortion as well as t,he betatron 
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FIG. 4: Closed orbit and betatron tune during the RHIC 
acceleration where the polarization was also measured as a 
function of beam energy. 'The three strong spin resonances at. 
Gy = 3 x 81 + (Q, - 12) .-, 260.7, Gy = 5 x 81 - (Q, - 6) 
381.3 and Gy = 5 x 81 + (Q, - 12) N 422.7 are crossed at  
150.7 seconds, 208.7 seconds and 228.7 seconds respectively. 
The t,op plot shows the closed orbit as a function of beam 
energy. The black diamonds are the horizontal closed orbit 
and red diamonds are the vertical closed orbit. The black 
dots in the bottom plot are the horizontal betatron tunes and 
red dots are the vertical betatron tune as a function of beam 
energy. 

tune at that time during acceleration. A comparisori of 
the orbit and betatron tulle at the other two strong spin 
resonances seems to suggest the depolarization could be 
due to the fact that the horizontal betatron tune a,t this 
resonance is too close to 0.7, a snake resonance due to 
coupling [16] as shown in Fig. 4. Unfortunately, there 
wasn't any time left to explore the effect of orbit distor- 

t,ion as well as the betatron t,unes on the beam polariza- 
tion at this resonance. The discrepancy between the ratio 
of the polarization at store and at injection of 74.3% and 
the ratio of the raw asymmetry at store and at injection 
of 65.1% comes from the difference in analyzing pourer of 
the RHIC CNI polarirnet,er at 100 GeV and at injection. 

III. CONCLUSION 

Polarized protons were first accelerated to the design 
store energy of 250 GeV at the end of 2006 RHIC po- 
larized prot,on operation. Using the 100 GeV analyzing 
power, an average beam polarization of 46% wm mea- 
sured at the top energy. Two successful pola.riza,tion mea- 
surements as function of beam energy during acceleration 
were also ta,ken to locate where the polarization was lost. 
The sudden reduction of raw asymmetry as a function of 
beam energy shows the depolarization occurs at spin res- 
onance Gy = 3 x 81 + (Q, - 12) -- 260.7, the first strong 
resonance after 100 GeV, and polarization was preserved 
t,hrough the rest of the acceleration cycle. A comparison 
of the closed orbit distortion and betatron tune a l o n ~  the 
acceleration suggests that the depolarization is due to the 
snake resonance a,t 0.7 due t,o coupling. 
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