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Abstract

The Relativistic Heavy Ion Collider (RHIC) provides not.
only collisions of‘ions but also-collisions of polarized pro- -

tons. In a circular accelerator, the polarization of polarized: -

proton beam can be partially or fuily.lost-when a spin de-

polarizing resonance is encountered. To!preserve the beam: .

polarization during acceleration, two-full’ Siberian snakes
were employed in RHIC.In 2002, polarized proton beams

were first accelerated to 100°GeV-and collided. in-RHIC. ..
Beams were. brought.into collisions with: longitudinal po- -
larization.at-the experiments STAR ‘and: PHENIX.by. us- .

ing spin rotators.. Optimizing polarization transmission ef-
ficiency and improving luminosity.performance are signifi--

cant challenges. Currently, the luminosity lifetime in RHIC #+
is limited' by the beam-beam- effect.. The current state of . .

RHIC polarized- proton program;- including its -dedicated-

physics run in- 2005 and efforts to optimize luminosity pro- "

duction in beam-beam limited conditions are reported..

INTRODUCTION

In.the:1980s,.the deep elastic scattering experiments at .
SLAC and CERN showed that the sum of the three quarks’:+

spin-is much smaller than the total proton spin. of % [1,2].

This then.stimulated efforts:to measure the contribution.of. -
gluons. on the proton. spin-and-study the :details-of: pro---

ton.spin- structure- which ‘requires. collisions of.high-en-

ergy polarized protons. . The -Relativistic Heavy -Ion:Col-: -

lider: (RHIC).is . high energy collider designed:to:pro-

videnot 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[3]..
The polarized proton injector chain for RHIC consists of
a-polarized :H = ion:source, a-200 MeV. Linear-accelera-

* The work was performed ﬁﬁder the auspices of the US Department of -

Energy and RIKEN Japan .

Table 1: RHIC design parameters for polarized proton-op-. -.

- eration.:.
injection energy-(GeV): 2437
store energy (GeV) 250 -
protons per bunch- - 2x10tL .
bunches per.ring. - .. 111
normalized emittance -+ 207 -
(mm-mrad) ..
beta* (m)- 1.0:-
peak luminosity-(cm~2s~1)  1.5x 1031«
average polarization .

0% -

tor (LINAC), a- Booster:and the ‘Alternating Gradient: Syn--
chrotron (AGS)..Fig. 1 is the layout of the.polarized pro--..
ton acceleration complex at Brookhaven National Labora- -
tory. The polarized-H ~beam from the Optically Pumped:
Polarized'H7 Ion-Source (OPPIS) first gets accelerated-to:
200-MeV by the LINAC: The H™ beam is then stripped'and.
injected into Booster, a fast.cycling synchrotron.- ‘At the
end of each Booster-acceleration cycle, the polarized pro-
ton.beam is injected into the AGS at an energy of 2.35 GeV.

" and accelerated to 24.3 GeV:'

RHIC :also..employs local’ spin- rotators at the en-
trance/exit of the two large detectors (STAR and PHENIX)
to provide longitudinally. spin oriented-polarized proton
beams for.the experiments... At the entrance of the detec-
tor, 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..The polariza- .

tion'in RHIC is measured on-line by the Coulomb Nuclear -
Interaction:(CNI) polarimeter [4]:- The ‘H™ jet polarimeter .
was installed in 2004 to calibrate the:CNI polarimeter [5].



Polarized. proton acceleration . complex . at

Figure. 1:.
Brookhaven National Laboratory -

POLARIZED PROTON SETUP.IN RHIC:~
AND ITS INJECTORS

Spin dynamics

During the entire journey.from:OPPIS to the final store-
energy of RHIC,; polarized proton beam:is accelerated.in .
three circular synchrotrons. In general, the spin motionina . .
circular accelerator is governed by the Thomas-BMT equa- -

tion'[6]

d.S’_‘_'__ e

= = 8% [+ GnBi+(1+ OB,

where Sis the spin vector in the particle’s rest frame, e

and.m are, respectively, the electric charge and rest mass. -
of the particle, B and B” are the transverse and longitu- .
dinal components of the'magnetic fields in-the laboratory -
frame with respect to the particle’s velocity: ﬂc and . i8 -
the relativistic Lorentz factor. :In a perfect circular accel- -
erator, the spin vector precesses around the guiding mag--.
netic field direction at a tune of G.: The spin precession:

tune is defined as-the number of processions per one or---

bital revolution. In reality, because of magnetic field errors,

quadrupole misalignments,  and horizontal magnetic field . .

from quadrupoles due to betatron oscillations; the spin pre-

cession is perturbed and can be kicked away from vertical -

direction if the perturbation: of the spin-motion resonates
with the spin precession tune. - -

In general, there are two types of spin depolarizationres- -
onances, imperfection resonances at Gy =:k and intrinsic -

spin resonances at Gy = @, +kP. Here, @, is the vertical
betatron tune, % is an integer and: P is the super-periodicity

of the machine. The imperfection spin resonance:is driven

by the vertical close orbit distortion. The intrinsic spin res-

onance arises from the betatron oscillation and the strength -
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Figure 2: strength of intrinsic and imperfection spin reso-..

nance strength from injection energy to 250 GeV. They are - -

the calculations of RHIC lattice without.snakes and- spin

rotators. The intrinsic spin resonance strength is calculated :.. ..

with a single particle at an emittance of 107 mm-mrad. The

imperfection spin resonance strength is calculated with an

rms -vertical orbit distortion of Imm. -

is linearly proportional to the size of the betatron oscilla- -
tion amplitude. Fig. 2 shows the strength of intrinsic reso- .

nance and imperfection resonance as a function of energy.
-in RHIC. It is'clear that the higher energy, the stronger the -

spin depolarization resonance. - -

Polarized proton setup in injectors

In Booster, the vertical betatron-tune-is-set above the-

beam extraction energy, and the only spin depolarized res- -
onances the polarized proton beam sees are the two imper- -

fection spin resonances at Gy = 3 and 4., The imperfection .;

spin resonances-in the Booster are not strong and can all

be fully corrected by using.the vertical harmonic correc- .-

tors [7]. Hence, Booster is spin transparent. -

+The' acceleration: of the polarized proton beam in the:"

AGS on the other hand éncountersa total of 42 imperfec-

tion spin resonances. Since the AGS has a super-periodicity




of 12, there are only seven intrinsic spin'resonances before ...
the extraction:energy. Four.of them are:strong resonances .
which’can .cause full*polarization-loss or.partial spin-flip -

with the regular AGS polarized proton ramp rate [7]. Cur-
rently, .a 5% partial: snake is employeed . to: preserve the:

beam.polarization.through all-the :imperfection. spin-res--
onances [8, 9]. An rf dipole,.which: drives the. beam. at .
the neighborhood of the betatron frequency; is used to-in-:
duce a full'spin flip at the four strongest intrinsic spin reso- -
nances [10]: However, because the three weak resonances -
are not corrected and imperfection of spin flipping with the -
1f dipole due to the lack ofits strength, the best polarization -

transmission efficiency in the AGS is around 80%:..

Polarized proton setup in RHIC

InRHIC, in order to preserve the polarization during-the

acceleration, two full:Siberian:snakes:[3] located at 180°

apart fromeach other are used: Each snake rotates the spin-

vector by 180° around an axis:in'the horizontal plane.. The
spin-precession tune () is defined as .

Q=1ng @)
T

where. A¢.is-the angle difference between the.precession: -
axes of the two-snakes.. With the axes:of the two:snakes
perpendicular with-each-other; the spin-precession tune is- -
%—, ‘However; even with full' snakes; significant polarization:-

can still be lost if the following condition:is met near-a
strong intrinsic spin resonance: - '

mQy =Qs + k. G3)

Here, m, k-are integers, (y-is the.vertical betatron fune

and @}, is the spin precession tune.. These are the so called

snake ‘resonance [6]:. For RHIC with two full snakes, only.
the snake resonances at (2m -+ 1)Qy.= Qs + k'exist if the: *
closed orbit is fully-corrected.. However, both'snake-errors:.: -
and imperfections resonances can shiftthe spin-precession. -
tune away from:half integer. This-in turn:not only .excites::-
the even: order snake resonances-at:2m@yi=. Qs+ k but:

also causes each snake resonance to split.:This then shrinks
the available space for the betatron tune during:the -accel-
eration: :Hence, precise control of tune and-orbit distortion

are-very critical to the polarized proton operation in RHIC..

RHIC POLARIZED PROTON
PERFORMANCE

Luminosity performance: .

RHIC 'started to provide polarized proton: collisions:at:

100 GeV for experiments-since 2002::The first-RHIC

polarized: proton.run in-2002 achieved a peak luminosity

of 2:x.10%%cm~?s~* ‘with-collisions. at four experiments.-
The- experience: 0f+2003 run- showed: that beam-beam .in-.
teractions: was the limiting factor. on-the luminosity per-:
formance [11].. Since the beam-beam.driven non-linear-.

RRHIC tune scans, 4 collisions
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Figure 3: RHIC tune scans in the presence-of four colli--
sions.. The top plot shows:the working points-with the lo-: -
cation of the orbital resonance:marked: - The bottom plot
shows the measured lifetime as a:function of the working-
point..

resonances-are very. sensitive to.the working point;-a de- -
tailed' study after-the run found either working point of -
(0.735, 0.73):0r-(0.69, 0.685).should provide wider tune.. .

space with beam-beam than the 2003 run-working point of :. ..

(0.235,0.225) [12]..

Both :working points- were studied. it detail"during the-
RHIC polarized proton engineering run in 2004: - Fig- 3
shows.the beam lifetime:at-the neighborhood of the two
working points. Both show a similar tune width in the pres-
ence of beam-beam. Table: 2 lists the results of the working: -
points which were-studied: - RHIC polarized proton run:in..-

Table-2: RHIC working points ..

operation  B* (m). Qz,Qy '+ -available tune: . . peak lumi-
year space.with = -nosi
) beam-beam - -[em— 25~ 1]
2002 - 3.0 - 0.235,0.225 0.005.~ 2 x 1030
2003 1.0 0.235,0.225 . 0.005- 6x10%0 . .
2004 . 1.0 0.735,0.730. 0.007: 10 x1030..
2005 1.0-  0.690,0.685 0.007- - 10'x 10%0

2005 is setup with the working point at (0.73,0.72) during. .
the.acceleration and (0.69,0.685) at store and a peak lumi- -
nosity of 10'x:10%%cm2s~! has been achieved as well.~

Fig. 4.shows.a typical polarized proton.store. The lu--
minosity lifetime is 18 hours and-average polarization over.
the store is above 45%. -

Polarization performance: -

From:the RHIC injection energy to its:current store en-
ergy (100 GeV), there are four strong intrinsic spin.reso- .
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Figure 4:- A typical.store of polarized: protons during the

RHIC: operation in 2005.: The luminosity. lifetime .is 18 -

hours.. The bottom plot shows the beam current across.the. -
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. Figure 5: The top plot shows the RHIC main dipole-and:-

store. The top plot shows the luminosity and polarization :

through the store... -

quadrupole current as well as the rotator current during the
ramp. The lower plot shows the horizontal and vertical:be- - -
tatron tune during the ramp. -

Table 3: RHIC achieved polarization::

polarization - - ..

nances at 93 — Q. 69 + @y, 75 +-Q, and 150 +Qy.. Year = Qu,Qy- . injection average .- bunch, lariz

To ‘avoid polarization loss, it is required to place the RHIC - pdaftliz:{l St(fﬁzggg; [ nfensy . STAf‘ffﬁfFé’ﬁ&;; ,
working.point in a window frée. of snake resonance. Even:::.. — :
with two full snakes, an imperfection resonance due to the -. 2002 = 023,022+ 30% 25% 0.7 Transverse -
vertical closed orbit distortion can overlap with an intrinsic «.- 2003+~ 0.23,022%.. 40% 30% 0.7 Longitudinal
resonance and induce even order snake resonance which 2004 :: 0.73,0.72" 50% 45% 0.7 Longitudinal
narrows down the available tune space.:: Thus, good control ... 2005~ 0.73,0.72 - 55%. - 50% . 1.0 .

Longitudinal . -

of the:work .point and vertical orblt is very critical-for the -

RHIC:operation.
The 2003 working point (0.23,0. 22) was.chosen to avoid:
the snake resonances at Q= l $and Q, = 2 x L.

The working point (0.73,0.72) in 2004 and 2005 was cho- .

$.x % and

sen to av01d the snake resonances at- Q"= 3

Qy—“x

tune in Blue ring along the ramp. .. The:swing from work-

ing point (0.73,0.72) down to below 0:7.during the ramp is :..
because. the polarized proton run.in 2004 showed.that the .

working: point at (0.695,068) improved polarization life-

time at store significantly. However, it is-impossible to in- -

ject beam into RHIC with this working point because of the -

374 order resonance driven by the-sextupole component in
the main dipoles. ..

-[13]. Fig. 5 shows a typical plot of the RHIC

In reality, the available tune window can be significantly -
smaller because the spin precession tune deviates from half - ..

integer. ‘Hence, during the RHIC :polarized proton oper- -
ation in 2003, 2004 .and 2005, snake.current scans were:
done to make the spin precession tune as closeto the half ...
integer as possible [13].-

. The increase of the polarization at injection from 2003 to
2004 is contributed to the increase of the achieved polariza-
tion in the AGS. The increase was due to the:-warm partial

. snake which significantly reduced the amount of polariza- -

Table. 3 lists the ach1eved polanzauon at RHIC injec- .-

tion and at RHIC store for the operation in-2003, 2004 and:
2005. "All the RHIC. polarization measurements at injec-:

tion were done with the analyzing power measured using -

extracted AGS-polarized proton beam at 22-GeV/¢ [?]. The

same analyzing power was applied to all the RHIC store po- - -

larization measurements except the measurements in 2005.-

The polarization measurements at store in 2005 use the an-.-

alyzing power calibrated:by the H Jet target in 2004 [5]..

tion losses at the coupling spin resonances due to the linear -
coupling of horizontal and vertical betatron oscillations:

CONCLUSION -

" The Relativistic Heavy Ion Collider at Brookhaven Na- -

tional Laboratory is the. first high energy polarized proton. - .
collider. It provides polarized proton collisions with an av-
erage polarization of 45% or greater. This provides an op- -

portunity to study the details of the proton structures. With .. -
the commissioning of the AGS cold snake, RHIC is looking - -

forward to provide high peak:luminosity polarized proton :
collisions with-a polarization of 70% or greater.
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The -challenge for.future polarized proton collisions at - [12] .R.. Tomas et al,: Quest for a new working. point for RHIC, " .
proceedings of European . Particle Accelerator. Conference, -

RHIC lies in two aspects. The first:is to.preserve the po-

larization-beyond 100" GeV. Fig. 2:shows-that the intrinsic.. -

spin resonance strength is a:factor of'3 higher than below...

100 GeV. Precise orbit control as well as-betatron.tune con- » .

trol ' will be very critical for keeping.away from:the snake: -
resonances. . Besides :beam-beam effects. which limits the.

bunch intensity, RHIC luminosity is currently. also-limited.. [13]

by dynamic pressure.rises [14]:: To ' mitigate the pressure
rise effects, a number of counter measures are pursued. All'
bakable elements are baked, and most of the warm beam:
pipes are:replaced with NEG coated pipes.. In-the cold're- -
gions, more pumps are-installed to reduce the pressure be-
fore the cool-down begins, resulting in a smaller number of.
molecular:layers under cold.conditions. Since 2004; opti- -
mized bunch patterns:were used to-allow arbitrary number
of bunches. that are.distributed close to- uniformly-around-
the circumference..
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