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As the only high energy polarized proton collider in the world, the Relativistic Heavy
Ion Collider (RHIC) has achieved a great success in colliding polarized proton beams up
to 255GeV per beam energy with over 50% average store polarizations for spin physics
studies. With the help of Siberian snakes as well as outstanding beam control during
the acceleration, polarization loss during acceleration up to 100 GeV is negligible. How-
ever, about 10% polarization loss was observed between acceleration from 100 GeV to
255 GeV. In addition, a mild polarization deterioration during long store for physics data
taking was also observed. In this paper, studies in understanding the store depolarizing
mechanism is reported, including the analysis of polarization deterioration data based
on the past couple of RHIC polarized proton runs.
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1. Introduction

The Relativistic Heavy Ion Collider (RHIC) at the Brookhaven National Labora-
tory was designed to provide colliding beams of polarized protons up to a beam
energy of 250GeV.! Two types of polarimeters are employed in RHIC for comple-
mentary measurements of the beam polarization. The H-jet polarimeter? is designed
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to operate continuously throughout a physics store, to give an absolute measure-
ment of the average polarization with a statistic uncertainty of about 6 —8%.% The
p-Carbon polarimeter,* on the other hand, can take fast measurements of beam
polarization for about two minutes and achieve a statistic uncertainty of about 4%.
Two p-Carbon polarimeters are currently in use for each RHIC ring, about four
measurements of the beam polarization are taken for each physics store. The polar-
ization variation during a physics store is characterized by the slope of the linear
fit of these measurements versus time, which is called the polarization decay rate
‘fi—f.?’ The measurements of p-Carbon polarimeters are calibrated with the absolute
measurements by the H-jet polarimeters.®

In past few polarized proton runs, colliding proton beams up to 255GeV with
above 50% average store polarization have been supplied for physics data taking.%
Negligible polarization loss has been achieved during acceleration to 100 GeV with
the help of dual snakes and precise beam controls.™” However, the polarization suf-
fered a moderate loss due to the strong resonances between 100 GeV and the store
energy at 250GeV as well as 255GeV.%? In addition, a non-negligible polarization
decay during a typical 8-hour physics store was also observed in polarized proton
runs. The measured store polarization and the polarization decay rates are aver-
aged over different fills in the same run conditions, as shown in Fig. 1. A moderate
polarization deterioration is observed for both beams. It is also obvious that the
polarization decay rate is much less for runl3 than for run12 with the same machine
lattice. Moreover, for runl3 with the elens lattice, there is a large difference between
the polarization decay rates for the two beams. In this paper, we present our anal-
ysis of the RHIC polarization data for past few runs, to understand the physical
mechanisms of the observed polarization deterioration in RHIC physics stores.

Average H-jet polarization for different RHIC polarized proton runs Average polarization decay rate for different RHIC polarized proton runs
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Fig. 1. The left plot shows the average polarization of different RHIC polarized proton runs
measured by the H-jet polarimeters, while the right plot shows the average polarization decay
rates of different RHIC polarized proton runs measured by the four p-Carbon polarimeters, note
that runl3:elens corresponds to the first part of runl3 with a baseline lattice optimized for elens
operation,% while run13:runl2 corresponds to the later part of run13 when the same machne lattice
of run12:255GeV was used.
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2. Theoretical Formalism

The polarization of a beam is in general defined as the ensemble avearge of all
the spin vectors in the beam. Note that each polarization measurement takes over
millions of revolutions in RHIC, so the time average of the beam polarization is more
relevant for our concern. As an adiabatic invariant,'® the projection of a particle
spin to the Invariant Spin Field (ISF) (Z,0)'! is the contribution of this particle
to the time averaged beam polarization. The long-term polarization is then defined
asl?

P =<<§5-1 >0 >, (1)

where § is a particle spin vector, the first average is taken over the particles on
the same initial phase space point, and the second one is averaging over the whole
phase space. When the lattice tune is placed close to strong spin-orbit resonances,
the ”cone” of ISF distribution diverges away from 7y, which leads to a reduction
in the long-term polarization. As a result, the long-term polarization depends on
the choice of the lattice tunes. The fractional parts of RHIC betatron tunes are set
between the 2/3 orbital resonance, and the 7/10 snake resonance.

From the definition of the long-term polarization, we can see variation of either
of the beam distribution in the phase space, or the ISF distribution can lead to
the change of the long-term polarization. During acceleration, the leading effect is
that the ISF distribution is changed due to the beam energy change. During physics
stores with a fixed beam energy, however, machine tuning by the operators, power
ripple, and other beam current dependent effects that modifies the lattice settings
can change the ISF distribution. Moreover, the most relevant beam distribution
variation to our concern is the emittance growth, which might also be important
for the long-term polarization variation.

The most obvious current dependent effect is the beam-beam interaction, whose
strength depends on the beam currents. It has three effects on the long-term polar-
ization, the first is that beam-beam acts as an electromagnetic field and rotate the
spin locally, the second is that beam-beam introduces a tune shift and an incoherent
tune spread among the beam particles, the third is that beam-beam might cause the
emittance growth in the long term. The first effect is negligible in general at RHIC,
because the spin resonances are dominantly driven by the quadrupoles for such a
high Gy,'3 while the quadrupole component of the beam-beam kick is comparably
weak in contrast with the normal quadrupoles in RHIC lattice. The second effect
varies the tune distribution among the beam with the variation of the beam-beam
parameter.

3. Data Analysis

The long-term polarization is a function of multiple variables, like the working
point, beam emittances, spin tune on the closed orbit, beam-beam parameter, etc,
but the form of the function is beyond our knowledge. Therefore, we attempted to
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Fig. 2. The two plots shows the results in fill 17601 and 16620, respectively. And within each the
upper plot shows the beam currents and luminosities variations, while the middle and lower plots
show the blue and yellow emittances variations.

correlate the beam polarization data versus each of these parameters to have a better
understanding of the leading effect behind the observed polarization deterioration
in physics stores.

First, the correlation of the beam polarization and the behavoir of beam emit-
tances was studied. Measured with four ionization beam profile monitors (IPM),
the behavoir of the beam horizontal and vertical emittances vary among different
fills. As shown in Fig. 2 are several typical plots of the variation of emittances
together with the beam currents and luminosities, the emittance data were fitted
by a piecewise linear curve, the initial emittance, the first and second slopes were
then extracted and correlated against the beam average polarization, as well as
the polarization decay rate. However, no obvious correlation was observed for these
attempts.

Then the spin tune shift due to orbital imperfection was explored. In the ideal
ring configuration with two diametrically opposed orthogonal snakes, the spin tune
on the closed orbit is 0.5. However, there are several effects'# that shift the spin
tune away from 0.5. First, the imperfection in the snake current settings shifts the
snake axis as well as the spin rotation angle, which can be optimized via the snake
current scanning in the machine operation. Moreover, the horizontal orbital angle
difference between the two snakes and the vertical orbital angle difference between
the two spin rotators around one interaction point can also contribute to a shift
in the spin tune. In runl3, there was a 3mm vertical orbit bump at IP6, which
introduced a spin tune shift around 0.013. For runl3, the closed orbit recorded by
the BPMs were analyzed for each fill, and contribution to the spin tune shift from
these orbital imperfections were computed and shown in Fig. 3. The maximal fill-
by-fill variation of these three contributions is around 0.005. However, within the
statistics of current RHIC polarization measurements, no clear correlation between
polarization decay rate and spin tune shift was seen.
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Fig. 3. Contributions to spin tune deviation from 0.5, from the orbital angle differences between

snakes, spin rotators around IP6, and spin rotators around IP8 for runl3 blue ring (left figure)
and yellow ring (right figure). The two different run conditions with elens lattice setting, and the
same lattice setting with runl2, are indicated in the figure.

Next, we come to the analysis of betatron tunes. In physics stores, beam-beam
interactions introduce an incoherent tune shift and spread among the beam par-
ticles, as well as coherent modes once the coherent motion is excited, which can
be observed in the amplitude signal of the Beam Transfer Function(BTF) versus
the scan frequency. Since currently the betatron tune of non-colliding bunches can
not be directly measured in RHIC, the o-mode measured via BTF is then the best
approximation we can achieve, for the case with the same species and round beams.
The location of o-modes at the beginning of physics stores are extracted for all
physics fills in run12 and runl3 with beam energy 255 GeV, and a comparison of the
fill-by-fill vertical o-modes between runl12 and runl3 is shown in Fig. 4. It was found
that for 255GeV polarized proton runs, the working point setting at store in runl3
is in general lower than that of runl2 with the same baseline lattice setting, which
was due to the different tune feedback settings towards the end of rotator ramp
when the two beams are cogged into collision. The larger vertical tune indicates
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Fig. 4. The fill-by-fill vertical tunes approximated by the o-modes for runl2 and runl3 with the
beam energy of 255GeV, the left plot corresponds to the blue ring, and the right plot corresponds
to the yellow ring.
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the closer to the strong v, = 7/10 snake resonance, which then could lead to larger
polarization deterioration.

4. Conclusion

The physical mechanism behind the observed polarization deterioration in RHIC
physics stores is explored in this work. The analysis of RHIC history data showed
no clear correlation of the polarization deterioration versus the beam emittance
behavior, or the spin tune shift due to orbital imperfection within statistics, while
comparison between different run conditions indicate the polarization deterioration
might be related to the working point settings. Simulation studies are underway
to qualitively unveil the possible physical mechanisms, which will be reported else-
where.
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